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A method was developed and evaluated for estimating the mass of 
chernicals contained in NAPL residual zones based on temporal changes in 
the ratios of the dissolved contaminants derived fIom the dissolution of 
multi-component NAPL residual. 
The Effective Solubility Mode1 (ESM) was developed as a tool to 
describe the changes in aqueous concentration ratios of organic contaminants 
emitted h m  the dissolution of a multi-component zone of NAPL residual. 
The modd is based on the prinaple &hat emporal changes in the ratios of 
aqueous-phase concentrations in groundwater can be related to the degree of 
chemical mass depletion of NAPL residual. The ESM utilizes a series of 
linked equilibration cells to calculate the dissolution of multi-component 
NAPL according to Raoult's Law. 
ESM simulations compared favourably to the results of three published 
laboratory dissolution experiments and two controlled field experiments. A 
method was developed using the ESM, together with groundwater 
monitoring data, to estimate the quantity of chemical mass contained in 
NAPL zones at sites of NAPL contamination. As an example application, 
monitoring results of the groundwater pump-and-treat system at the 
Emplaced-Source experiment were used to estirnate the mass of the NAPL 
source. The NAPL mass estimated using the ESM method was within 20% of 
the actual NAPL mass. The mass estimate was made using only the 
measwd aqueous concentrations in extraction weil PW-2, and the physical 
and chemical properties for the NAPL components and aquifer. No specific 
assumptions were required regarding the dimensions or geometry of the 
source zone, groundwater flow conditions, or dissolution mass transfer 
coeffiaents. This research has illustrated the potential for the ESM method 
to provide useful estimates of the chemical mass contained in multi- 
component NAPL residual zones in porous media. 
Our present ability is determine the mass of chemicals contained in 
NAPL source zones in the subsurface was described succinctly by Jennifer 
Warnes, in her song - The Hunter: 
YOU never know, 
you never know, 
you never know when, you never know. 
(Attic Records Limited, 1992) 
It is hoped that the work described here wiU improve this ability. 
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diffetuig pure-phase solubility, for lire11 configuration. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
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Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 100 mg/L 
(component B) for l-cell, 10-cd and 100-ce11 configurations. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 10 mg/L (component B) 




















Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubilities of 1,000 mg/L (component A) and 1 mg/L (component B) 
for 1-cd, l k e l l  and 1 0 k d  configurations. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubilities of 1,000 mg/L (component A) and 500 mg/L 
(component 8) for foc values of 0.0001,0.001 and 0.01- 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubilities of 1,000 mg/L (component A) and 100 mg/L 
(component 8) for foc values of 0.0001,0.001 and 0.01- 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 10 mg/L (component 8) 
for f, values of 0.0001,0.001 and 0.01. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubilities of 1,000 mg/L (component A) and 1 mg/L (component B) 
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Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubilities of 100 mg/L (component A) and 10 mg/L (component B) 
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Aqueous concentration tatios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 500 mg/L 
(component B) for porosity values of 0.2,03 and 0.4. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 100 mg/L 
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Aqueous concentration ratios predicted by ESM for binary NAPL rnixtwe with 
pure-phase solubilities of 1,000 mg/L (component A) and 10 mg/L (component B) 
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Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
putephase solubilities of 1,000 mg/L (component A) and 1 mg/L (component B) 
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Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 100 mg/L (component A) and 10 mg/L (component B) 
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purephase dubilities of 1,000 mg/L (component A) and 500 mg/L 
(component B) for NAPL residual contents of 5 ~ /d ,  15 ~ / m ~  and 50 ~ / m ~ .  
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 100 mg/L 
(componmt B) for NAPL residual contents of 5 ~ / m ~ ,  15 ~ / d  and M ~ / r n ~ .  
Aqueous concentration ratios predicted by ESM for bînary NAPL mixture with 
purephase solubilities of 1,000 mg/L (component A) and 10 mg/L (component B) 
for NAPL residual contents of 5 ~ / r n ~ ,  15 ~ / r n ~  and 50 ~ / r n ~ .  
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Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 1 mg/L (component B) 
for NAPL residud contents of 1 ~ / r n ~ ,  5 ~ / m 3  and 15 ~ / r n ~ .  
Aqueous concentration ratios predided by ESM for binary NAPL mixture with 
purephase solubilitiez ~f '1'0 mg,/?- (cum~c)n=t &4) s.d ?C mg,% (mpment Bj 
for NAPL residual contents of 5 ~ / m ~ ,  15 ~ / r n ~  and 50 ~ / r n ~ .  
Aqueous concentration ratios predicted by ESM for bïnary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 500 mg/L 
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for +15% and -15% error in the solubility of component A. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
purephase solubiiities of 1,000 mg/L (component A) and 10 mg/L (component B) 
for +15% and -15% error in the solubility of component B. 
Aqueous concentration ratios predicted by ESM for binary NAPL mixture with 
pure-phase solubilities of 1,000 mg/L (component A) and 1 m g A  (component B) 
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an unknown component with different pure-phase solubility values. 
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Chapter 5 
5-1. Measured aqueous concentrations for mixture of chloroberuenes in a laborator). 
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5-2. Measured tridilorobenzene/d-ilorobenzene ratios for dissolution of a mixture of 
chiorobenzenes. 


















Measured tetrachIorobenzene/trichiorobenzene ratios for dissolution of a 
mixture of chlorobemenes. 
Measured ttidilorobenzene/dilombenzene ratios versus NAPL remaining for 
dissolution of a mixture of chiorobenzenes. 
Measured tetradilorobenzaie/chlorobenzene ratios versus NAPL remaining for 
dissolution of a mixture of dilorobenzenes. 
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Cornparison of measured aqueous concentrations to aqueous concentrations 
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colurnn dissolution experirnen t. 
Measured hexanefcydohexane ratios for dissolution of a mixture of 
hydrocarbons. 
Measured hexane/dimethyl butane ratios for dissoIution of a mixture of 
hydrocarbons. 
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hydrocarbons- 
Measured hexane/cyclohexane ratios versus NAPL remaining for dissolution of 
a mixture of hydrocarbons. 
Measured hexane /dimethyl bu tane ratios versus NAPL remahhg for 
dissolution of a mixture of hydrocarbons. 
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dissolution of a mixture of hydrocarbons. 
Cornparison of measured hexane/cyclohexane ratios to ratios p redicted using 
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Comparison of measured hexane/dimethyl butane ratios to ratios predicted 
using ESM for 1-cell, S-cell and 10-ceil configurations. 
Comparison of measured dimethyl butane/cyclohexane ratios to ratios 
predicted using ESM for 1-cell, 5 - c d  and lû-cell configurations. 
Measured aqueous concentrations for benzene-toluene mixture in a la boratory 


















5-25. Measured toluene/benzene ratios for dissolution of a betlzene-toluene mixture. 283 
5-26. Measured toluene/benzene ratios versus NAPL remaining for dissolution of a 284 
benzenetoluene mixture. 
5-27. Cornparison of measured toIuene/benzene ratios to ratios predicted using ESM 285 
for 1-dl,  2-ceil and 3-cell configurations. 
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Location of Canadian Forces Base Borden, Ontario. 
Location of Emplaced-Source experimental site at  the Canadian Forces Base 
Borden. 
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experïment. 
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immediately after source emplacement. 
Extents of aqueow-phase plumes emitted from the source zone at 322 days after 
emplacement. 
Longitudinal section of diioroform (TOM) aqueous-phase plume at 322 days. 
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concentrations averaged for monitoring location ES-2. 
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for monitoring location ES-3. 
Change in aqueous concentration ratios versus NAPL mass remaining for 
concentrations averaged for monitoring location ES-3. 
Temporal variation in aqueous concentration ratios at m o n i t o ~ g  point ES-3-9. 
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Measured TCE/TCM ratios versus NAPL rernaining for averaged concentrations 
at monitoring location ES-2 compared to ratios predicted by the ESM. 
Measued PCE/TCM ratios versus NAPL temainhg for averaged concentrations 
at  monitoring location ES-2 compared to ratios predicted by the ESM. 
Measured PCWTCE ratios versus NAPL remaïning for averaged concentrations 
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Temporal variation in aqueous concentration ratios averaged for m o n i t o ~ g  
location FR-6. 
Change in aqueous concentration ratios versus NAPL remaining averaged for 
monitoring location FR-6. 
Temporal variation in aqueous concentration ratios averaged for monitoring 
location FR-5. 
Change in aqueous concentration ratios versus NAPL remaining averaged for 
monitoring location FR-5. 
Temporal variation in aqueous concentration ratios averaged for monitoring 
location FR-4. 
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Change in aqueous concentration ratios versus NAPL remaining for monitoring 
point FR-5-7. 
Temporal variation of aqueous concentration ratios at m o n i t o ~ g  point FR-5-5- 
Change in aqueous concentration ratios versus NAPL remaining for monitoring 
point FR-5-5. 
Temporal variation of aqueous concentration ratios at  monitoring point FR-5-9. 
Change in aqueous concentration ratios versus NAPL remaining for m o n i t o ~ g  
point FR-5-9. 
Temporal variation in aqueous concentration ratios averaged for monitoring 
location FR-7. 
Change in aqueous concentration ratios versus NAPL remaining averaged for 
monitoring location FR-7. 
Temporal variation in aqueous concentration ratios averaged for monitoring 
location FR-3. 
Change in aqueous concentration ratios versus NAPL remaining averaged for 
monitoring location FR-3. 
Change in TCE/TCM ratio versus NAPL rernaining predicted by ESM. 
Change in PCE/TCM ratio versus NAPL remaining predicted by ESM. 
Change in PCE/TCE ratio versus NAPL remairhg predicted by ESM. 
Measured TCE/TCM ratios versus NAPL remaining for average concentrations 
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Measured TCE/TCM ratios versus NAPL remaining for average concentrations 
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at m o n i t o ~ g  location FR-4 compared to ratios predicted by ESM. 
Measued PCE/TCM ratios versus NAPL remaining for average concentrations 
at monitoring location FR-4 compared to ratios predicted by ESM. 
Measured PCWTCE ratios versus NAPL. rernaining for average concentrations at 
monitoring location FR-4 compared to ratios predicted by ESM. 
Measured TCE/TCM ratios versus NGPL remaining for concentrations at 
monitoring point FR-5-7 compared to ratios predicted by ESM. 
Measured PCE/TCM ratios versus NAPL remaining for concentrations at 
monitoring point FR-5-7 compared to ratios predicted by ESM. 
Measured PCE/TCE ratios versus NAPL remaining for concentrations at 
monitoring point FR-5-7 compared to ratios predicted by ESM. 
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Change in aqueous concentration ratios versus tirne at the pumping well PW-2- 
Change in aqueous concentration ratios versus chernical mass removed at the 
pumping weU PW-2. 
Measured TCE/TCM ratios for a 17,000 g NAPL source compared to the ratios 
predicted by ESM. 
Measured PCE/TCM ratios for a 17,000 g NAPL source compared to the ratios 
predicted by ESM. 
Measured PCE/TCE ratios for a 17,000 g NAPL source compared to the ratios 
predicted by ESM. 
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predicted by ESM. 
Location of the Dayton, New Jersey site. 























Aqueous-phase plumes at the Dayton site in September 1984 after the end of 
p-ping* 
Aqueous-phase plumes at the Dayton site in May 1989. 
PCE aqueous concentrations in multi-Iwel m o n i t o ~ g  installation adjacent to 
the source area. 
Temporal variation in aqueous concentrations measured in pumpïng weil 
GW-32, 
Variation in PCE /TCA ratio versus t h e  for pumping well GW-32. 
Variation in PCE/TCA ratio versus mass removed for pumping weii 
GW-32. 
Change in aqueous concentration ratios versus NAPL remaining predicted for 
the Dayton site by ESM for l-ceil, 2-cd and 5-ceil configurations. 
Measured PCE/TCA ratio versus NAPL mass remaining for extraction well 
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Measured PCWTCA ratio versus NAPL mass remaining for extraction welI 
GW-32, for a 6,000 kg source, compared to ratios predicted by ESM. 
Measured PCE/TCA ratio versus NAPL mass remaining for extraction well 
GW-32, for a 4,000 kg source, compared to ratios predicted by ESM. 
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The predominant cause of groundwater contamination at many waste 
disposal and industriai facilities is the presence of NAPL (non-aqueous phase 
liquid) organic chemicals in the subsurface. NAPLs can be either LNAPL 
(light non-aqueous phase liquid) chemicals such as petroleum fuels which are 
less dense than water, or can be DNAPL (dense non-aqueous phase liquids) 
such as chlorinated solvents, PCBs and coal tar which are more dense than 
water. At many sites, the plumes of dissolved organic contarninants that are 
found in the groundwater zone are derived from the dissolution of NAPL 
chernicals residing below the water table (Feenstra et al., 1996). 
The longevity of NAPL source zones and the persistence of the 
resulting groundwater contamination will be determined by the rate of NAPL 
dissolution and the mass of chemicals contained in the NAPC source zone. 
Estimates of the rate of dissolution may be obtained from groundwater 
monitoring data, but estimates of the chemical mass are more elusive. 
Knowledge of the chemical mass contained in NAPL source zones is 
necessary in order to evaluate the performance of remedial technologies 
directed at deanup of the source zones. 
At waste disposal sites and industrial faciiities where NAPL has been 
released to the subsurface, there are seldom records or accounts of eye 
witnesses to d o w  determination of the quantities released. For example, at 
the Dayton, New Jersey industrial site described in Chapter 8, there was no 
record of any diemical spill or leakage yet more than 5,000 kg of chiorinated 
solvents have been removed ftom the aquifer and a NAPL source zone 
continues to ernit aqueous-phase contaminants to the groundwater. 
hecGampling and analysis of soil samples are part of almost ail C- --- 
investigations of subsurface contamination. Soii analyses can be used to 
calculate chemical rnass in NAPL source zones if the volumes and chemical 
concentrations of the NAPL-contaminated soil can be determined. However, 
spatial variability in the distribution of NAPL wiil seriously impair the use of 
sampling and analysis of soils for calculation of chernical mass. At many 
sites, it may diffïdt to simply identify the presence of NAFL below the water 
table and determine the general location of NAPL zones (Feenstra and 
Cherry, 1996). Based on insights provided by experimental releases (Poulsen 
and Kueper, 1992; Kueper et al., 1993; Brewster et al., 1995) and cornputer 
modeling (Kueper and Frind, 1991a and 1991b; Kueper and Gerhard, 1995) of 
chlorinated solvent DNAPL in sandy aquifers, it is evident that the 
distribution of the NAPL residuai and pools may Vary on a scale of 
millimetres to centimetres verticaily, and centimetres to a few metres, 
laterally. The physicd scale of this spatial variability is much smaller than 
can be diaracterized by site investigations at real sites of groundwater 
contamination where soil samples are commonly separated by metres, 
vertically, and tens of metres, lateraily. 
Partitionhg interweli tracer tests (PITïs) have been proposed as a 
method for identifymg the presence of NAPL and quantifyuig the NAPL mass 
in source zones (Jin et al., 1995; Wilson and Mackay, 1995; Nelson and 
Brusseau, 1996). PITTs involve the injection of chemical tracers into the 
subsurface in the area of a suspected NAPL source zone. One or more of the 
tracers, referred to as partitioning tracers, WU partition into the NAPL 
encountered by the injected fluids. One or more of the tracers are non- 
partitioning tracers which do not interact with the NAPL Delay in the 
amval times of the partitioning tracer@) compared to the non-partitioning 
tracer@) at the extraction weil indicates the presence of NAPL which slowed 
the rate of migration of the partitioning tracer(s). The degree of delay in 
arriva1 times between the partitioning and non-partitioning tracers should be 
proportional to the mass of the NAPL encountered by the injected fluids. The 
promise of Pïï ïs  for estimation of NAPL mass has been illustrated by means 
of laboratory column tests and cornputer modeling. Field-scale trials for 
estimation of NAPL mass have been conduded but have not yet been 
reported in the peer-reviewed literature. 
A key potential limitation of PïITs in the quantification of NAPL mass 
is the requirement that chemical equilibriurn be achieved between the 
injected tracer and the NAPL. It is not known whether this condition occurs 
reliably in real aquifers. In any case, the application of P ï ï ï s  to estimate the 
mass contained in large NAPL zones may be a relatively costly site 
investigation method. 
At the present time, estimates of the chexnical mass contained in NAPL 
zones remain Limited to "order-of-magnitude" accuracy. Methods which 
d o w  esümates of NAPL mass within an accuracy of a factor of two times or 
better would be valuable in the design and evaluation of remedial measures. 
Petroleum fuels, coal tas,  creosote and PCB liquids are al1 multi- 
component mixtures. in addition, the NAPL found at many waste disposal 
and industrial sites is commonly comprised of numerous different chemical 
cornponents. In many circumstances, different NAPL components WU have 
different solubilities in water and will dissolve into the groundwater at 
different rates. The preferential dissolution of the more soluble components 
from the NAPL wiil cause the aqueous concentration ratios of different 
components to change in response to the changes in NAPL composition as 
dissolution continues. Feewtra (1990) conducted a preluninary attempt to 
relate the changes in aqueous concentration ratios to the diemical mass 
contained in multi-component NAPL residual zones. This preliminary work 
described a simple 1-cell equilibration mode1 referred to as the Effective 
Solubility Mode1 (ESM). The results of the 1-cell ESM compared well with the 
results of a published laboratory experiment. For this method, the temporal 
dianges in aqueous concentration ratios kom groundwater monitoring near 
a NAPL zone would be compared to the results of ESM simulations to 
estimate the chemical mass contained in the NAPL zone (see Figure 1-1). 
This preliminary work iilustrated the potential for the use of the ESM 
method but its performance was tested against only one laboratory 
experiment. 
The research in this thesis desaibes the fuxther development and 
evaluation of this method to estimate the mass of chernicals contained in 
multi-component NAPL residual zones. 
This research benefited from being able to utilize the findings of two 
controlled field experiments for dissolution of multi-component NAPL in a 
sandy aquifer conducted at the Borden experimental site. The first 
experiment, referred to as the "Emplaced-Source" experiment, involved the 
placement of a uniform block of soil within the sand aquifer. The block 
contaùied 14.8 L of DNAPL at residual saturation. The DNAPL was 
compnsed of a mixture of diloroform, tnchloroethylene, and 
tetrachioroethylene. Groundwater flow was permitted to pass through the 
source zone under natural conditions. The aqueous-phase contaminant 
plumes emitted from the source zone were monitored in detail for more than 
1,000 days. The second experiment, referred to as the "Free-Release" 
experiment, involved the injection of 5 L of DNAPL into the sand aquifer 
inside a test cell. The DNAPL was a mixtwe sirnilar to that used in the 
Emplaced Source. Groundwater flow was induced through the Free-Release 
source zone and the aqueous-phase plumes were monitored for 220 days. The 
results of these field experiments allowed further testing of the ESM method 
for estimating the chemical mass contained in NAPL residual zones. 
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The following sectiow of this introductory chapter describe conceptual 
models for NAPL source zones and the chexnical composition of NAPLs 
which cause groundwater problems, to provide a framework for the 
subsequent evaluation of dissolution of multi-component NAPL. 
Contamination of the subsurface environment by NAPLs has been 
recognized, since the 1960~~ as a potential threat to groundwater used for 
drinking supply. The earliest recognition arose from problems with taste, 
odour and explosive vapors derived from releases of peholeum fuels 
(WAPL) such as gasoline, diesel fuel and heatùig oils. The principal focus of 
early studies was understanding the migration of the LNAPL in the vadose 
zone and its spreading at the water table. Later studies in the 1970s (van der 
Waarden et al., 1971; Bastien et al., 1977) demonstrated that a portion of most 
petroleum fuels is soluble in water and as a result, LNAPL in the subsurface 
can emit plumes of dissolved organic contarninants to the groundwater. 
It was not widely recognized, until the 1980s, that DNAPLs such as 
chlorinated solvents could pose an even more serious threat to groundwater 
supplies than that posed by petroleum fuels. Because of their density, 
DNAPLs can penetrate through the vadose zone and below the water table 
into the groundwater zone. The DNAPL that penetrates into the 
groundwater zone represents a source that can emit signihcant concentrations 
of dissolved organic contaminants directiy to the groundwater for tirne 
periods as long as decades to centuries- 
Figure 1-2 shows a conceptual model for the groundwater 
contamination resulting from the release of an LNAPL, such as gasohe, to 
the subsurface. Depending on the volume of the release, rate of release, 
thidaiess of the vadose zone, and geological structure in the vadose zone, 
LNAPL can penetrate downward to the water table. As the LNAPL migrates 
through the vadose zone, a portion of the LNAPL volume is retained within 
the pores of the soi1 by capiilary forces. This portion of the LNAPL is referred 
to a residual. Because it is less dense than water, the LNAPL cannot penetrate 
far below the water table. LNAPL may accumulate and spread laterally as a 
pool at the water table. The water-filled pores in the groundwater zone create 
a capillary resistance that the LNAPL cannot overcome. Fluctuations in the 
water table elevation will tend to smear the LNAPL pool up and down and 
create zones of residual LNAPL within the groundwater zone. Groundwater 
contamination will be caused by dissolution of LNAPL in the residual zones 
and pools. 
Early representations of a concephial model for LNAPL (Schwille, 1967) 
depicted a relatively uniform zone of residual LNAPL in the vadose zone and 
a discrete pool of LNAPL at the water table. Subsequent research and 
experience at field sites have shown that geological variability in the vadose 
zone and groundwater zone wili cause significant spatial variability in the 
residual zones and pools, as reflected in Figure 1-2. 
Figure 1-3 shows a conceptual model for the groundwater 
contamination resulting fxom the release of a DNAPL, such as chlorinated 
solvent, to the subsurface. Depending on the volume of the release, rate of 
release, thidcness of the vadose zone, and geologicai structure in the vadose 
zone, DNAeL can penehate downward to the water table. As the DNAPL 
migrates through the vadose zone, a portion of the DNAPL volume is 
retained as residud. However, because it is more dense than water, the 
DNAPL can penetrate below the water table. Where DNAPL encounters 
zones of lower permeability, DNAPL may accumulate and migrate lateraliy as 
a pool. The water-filled pores in zones of lower permeability in the vadose 
zone, or zones of lower permeability in the groundwater zone create capillary 
resistance that the DNAPL may not overcome. Groundwater contamination 
will be caused by dissolution of DNAPL in the residual zones and pools above 
and below the water table. 
Early representatiow of a conceptual model for DNAPL (Sdiwille, 1981; 
Feenstra, 1986) depicted a relatively d o m  zone of residual DNAPL in the 
vadose zone and discrete pool of DNAPL only at major aquitard layers. 
Subsequent research and experience at field sites have shown that geological 
variability in the vadose zone and groundwater zone will cause signihcant 
spatial variability in the residual zones and pools, as reflected in Figure 1-3. 
Conceptual diagrams such as Figure 1-3 illustrate areas of vertical 
columns of residual NAPL, horizontal layers of residual NAPL, thin NAPL 
pools and thick NAPL pools. However, at real NAPL sites it is not known 
preasely how or where the NAPL occurs. The migration of NAPL along 
localued vertical pathways and formation of thin horizontal residual layers 
and pools is expected in stratified aquifers based on controlled field 
experiments and cornputer modeiing (Kueper et al., 1993; Brewster et al., 1995; 
Kueper and Frind, 1991a and 1991b; Kueper and Gerhard, 1995). The 
accumulation of thidc NAPL pools requires both sufficient volumes of NAPL 
and strata with the necessary configuration and capillary resistance to entrap 
the NAPL. It is uncornmon for thidc NAPL pools to be found in aquifers 
except at sites such as manufadured gas plants or wood preserving facilities 
where very large quantities of coal tar or aeosote NAPL have been released. 
At many sites of contamination by chiorinated solvents, it would expected 
that the majority of the NAPL would be distributed as residual and thin 
pools. However, specific details on NAPL distribution will require very 
intensive site investigations and such studies are rarely conducted. 
1.5 CHEMICAL COMPOSITION OF APLs 
The most important organic contaminants in groundwater are volatile 
organic compounds (VOCs) such as chlorinated solvents and BTEX (benzene, 
toluene, ethyl benzene and xylenes). These compounds have high 
solubilities compared to their respective drinking water standards and they 
are not strongly sorbed on geologic rnaterials. As a result, VOCs have the 
potential to cause large plumes of dissolved contaminants in the 
groundwater. In addition, chlorinated solvents are not highly susceptible to 
biodegradation processes in the groundwater. 
The NAPLs that cause significant groundwater contamination 
problems generally contai.. VOCs, but may exhibit also a wide variety of other 
organic compounds. kt some cases, NAPLs found in the subsurface may be 
simple mixtures of organic liquids such as chlorinated solvents. In other 
cases, NAPLs may be very complex mixtures of organic liquids such as 
gasoline. In yet other cases, NAPLs may be complex mixtures of organic 
liquids and organic compounds which are normaily solids. The dissolution 
behaviour of multi-component NAPLs will depend on the chernical 
composition of the NAPL and the properties of its components. 
The fouowing section provides examples of the diemical compositions 
of various NAPLs which represent common groundwater contamination 
problems. Some of these examples will be used in later sections to 
demonstrate specific aspects of dissolution theory and practical application of 
the dissolution models. 
Table 1-1 shows the chemical composition of DNAPL samples collected 
from two monitoring wells in a sandy aquifer located adjacent to a waste 
disposal basin at the United States Department of Energy Savannah River 
Plant, near Aiken, South Caroha. This DNAPL is a relatively simple 
mixture of PCE (tetrachloroethylene) and TCE (trichloroethylene), which 
were solvents used in the manufacture of nuclear fuels. PCE and TCE in the 
DNAPL occur in roughiy the same proportions as the volumes of each 
solvent used at the facility. Simple mixtures of DNAPL such as this would be 
typicd of waste materials at manufacturing facilities. Of particular note in 
this case, is the difference in composition between the two wells, and the 
change in composition in weU MSB-3D-1 with tirne. Both effects are Wcely 
due to spatial variation in the DNAPL composition. Variation in 
composition such as this would be expected at waste disposal facilities where 
the components become mixed in the waste strearn rather than in a 
manufacturing process. 
Table 1-2 shows the chemical composition of DNAPL recovered from 
two monitoring welis (WN-3-1 and WN-8-1) and an extraction weli (EW-4) at 
the Tyson's Superfund site in King of Prussia, Pennsylvania. This site was an 
illegal dump of hazardous and sewage wastes. The principal components are 
VOCs induding 1,2,3-trichloropropane and BTW( compounds. These samples 
exhibit an even greater spatial variability than the samples in Table 1-1. Of 
particular note in this case is the large propotion of the DNAPL that could 
not be characterized by the GC/MS (gas chromatography/mass spectrometry) 
methods used for the analysis. The uncharacterized portion ranges from 19% 
to 52% of the DNAPL. Qualitatively, the uncharacterized portion consists of 
aliphatic and aromatic hydrocarbons and large molecular weight organics 
believed to have been derived from sewage wastes. The occurrence of a large 
portion of DNAPL that camot be readily characterized is common at many 
was te disposal facilities. 
Table 1-3 shows the average chernical composition of DNAPL 
recovered from nine monitoring wells at the S-Area Landfiii in Niagara Falls, 
New York. This DNAPL is a mixture of waste products fiom the 
manufacture of haiogenated hydrocarbon diemicals at the Ocadental 
Chemical Company sites in Niagara Fails. The DNAPL is a very complex 
mixture of chlorinated solvents, chlorinated benzenes and other chlorinated 
hydrocarbons. The components of the D W L  represent an extreme range in 
purephase solubility ranging h m  1,400 mg/L for trichloroethylene to 
0.003 mg/L for perdiloropentacydododecane (Mirex). Many of these 
compounds are solids in their pure form 
Table 1-4 shows the major cornponents of gasoiine. The twenty 
components having concentrations greater than 1% by weight comprise about 
62% of the gasoline. nie BTEX compounds are the principal components that 
may cause plumes of dissolved contaminants. The other aliphatic and 
aromatic compounds are generaliy much less soluble than the BTEX 
compounds. 
Table 1-5 shows the major components of coal tar. Cod tar is 
comprised prinapaily of polycydic aromatic hydrocarbons (PAHs) with lesser 
proportions of sulfur- and nitrogen-containing heterocydic hydrocarbons, 
phenolic compounds and sometimes BTEX compounds. The majority of the 
PAH compounds are solids in their pure form. However, when the 
components are mixed at high temperature during the production of coal tar 
there is a muhial depression of the melting points of the components so that 
the resuitant mixture remains as a liquid. 
Table 1-6 shows th2 isomer compositions of various PCB 
(polychlorinated biphenyl) Arodors. PCB Arodors were commercial 
products, which can be comprised of 100 or more individual PCB compounds. 
These compounds are commonly grouped according to the number of 
dilorine substitutions in each molecule, ranging from one to ten chiorines. 
There are substantial differences in solubiiity between the different PCB 
compounds, with solubility dedining with increasing dilotine content. This 
table illustrates that there is a substantiai difference in chemical composition 
between Arodors 1242,1254 and 1260- Aithough PCB compounds have 
generally low solubilities in water, subsurface contamination by PCB Arodors 
has attracted much attention in recent years. 
These preceding examples illustrate the range in chemical 
composition that may be encountered in NAPL in the subsurface, and set the 
chemîcal framework for the foilowing discussions on dissolution behaviour 
of multi-component NAPL. 
Table 1-1. Composition of waste solvent DNAPL recovered from 
monitoring weUs at the Savannah River Plant, Aiken, 
South Carolina. PCE (tetrachloroethylene) and TCE 
(trichioroethylene). Data from Jackson and Mariner 
(1995)- 
Well and Sampling Date 
MSB-3D-1 
April 1991 
Septem ber 1991 
Table 1-2. 
MSB-22-1 
December 1 991 
February 1992 
Composition of waste solvent DNAPL recovered from 
monitoring welis at the Tyson's Superfund site, King of 
Prussia, Pemsylvania. Data from ERM (1992). 
PCE 
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, Toluene 
Well WN-8-1 
% by Weiqht 
4.0 1 1 .O 
Well EW-4 
% by Weight 
1.9 
Table 1-3. Average composition of DNAPL recovered from nine 
monitoring weiis at the S-Area Landfill, Niagara Faiis, 
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TOTAL 1 83.4 
Table 1-4. Major components of gasoiine. Typical analysis of API 
(American Petroleum Institute) PS-6 standard gasoline 
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Table 1-5. Major components of coal tar. Data from Ripp et al. 
(1993). 



















































































Table 1-6- Isomer composition of PCB Arodors. Data from Webb 
and McCall(1973). 
2-Chlorine isomers 1 1 7.0 1 1 
lsorner Croup 
1 -Chlorine isomers 
Atoclor 1242 
% by Weiqht 
t .t 
3 -Chlorine isomers 
4-Chlorine isomets 
. 5-Chlorine isomers 
6-Chlorine Lsomers 
, 7-Chlorine isomers 
8-Chlorine isorners 
Aroclor 1254 
















Fraction Source Remaining 
Figure 1-1. Example of changes in measured (1-la) aqueous concentration 
ratios observed at the Dayton, New Jersey site, and aqueous 
concentration ratios (1-lb) predicted by a lrell ESM. From 
Feenstra (1990). 
Figure 1-2. Conceptual mode1 for LNAPL contamination in the subsurface. 
. - -  
Figure 1-3. Conceptual mode1 for DNAPL, contamination in the subsurface. 
PLEASE NOTE 
UMI 
The ESM relies on the principle that the aqueous concentration, or 
effective solubility, of contaminants in groundwater at equilibrium with a 
multi-component NAPL c m  be determuied from the chernical composition 
of the NAPL. Effedve solubility of an organic compound c m  be defhed as 
the maximum concentration that can be achieved in water which is in 
equilibrium with a multi-component NAPL of specified chemical 
composition. T'he effective solubility of an organic compound wiU be lower 
than the aqueous solubility of the pure-phase compound. 
For a pure liquid organic compound in contact with water, the chemical 
activity of the compound in the organic phase is defined by (Mackay et al., 
1991): 
a, = x,, Y,, 
where : 
zorg is the mole fraction of the compound in the organic phase 
Y org is the acfivitjv coeKüent of the compound in the organicphase 
The organic phase WU consist of the organic compound and a small 
proportion of water dissolved in the organic phase. For organic compounds 
such as dilorinated solvents and petroleum hydrocarbow, the mole fraction 
solubility of water in the organic phase ranges from approximately 0.001 to 
0.01. A compilation of values of water solubility in various chlorinated 
hydrocarbons is shown in Table 2-1. As a result, the mole fraction of the 
organic compound in the organic phase ranges from 0.999 to 0.99 and c m  be 
assurned to be unity. 
ïhe  activity coefficient is a factor intended to account for moiecular 
interactions within the organic phase and can be less than unity or greater 
than unity depending on the components of the organic phase. However, for 
a single component organic phase where molecules interact only with like 
molecules and it is assurned comrnonly that the activity coefficient is d t y .  
As a resuit of the two preceding assumptions, the chernical activity of a 
single component organic phase is also unity. 
The diemical activity of the compound in the aqueous phase is defined 
where : 
Xaq is the mole fraction of the compound in the aqueous phase 
yaq is the activity coefficient of the compound in the aqueous phase 
At equilibrium, the diemical activity in organic phase equals the 
chernical activity on the aqueous phase, and therefore: 
Equation 2-4 defines the mole fiaction aqueous solubility of a single 
component NAPL or pure organic liquid compound. For use in subsequent 
formulations, equation 2-4 can be expressed as: 
where : 
x& is the mole fraction o f  the pure compound in the aqueous phase 
yiq is the activiiycoefWentofthepure compoundin the aqueousphase 
For a multi-component NAPL in equilibrium with water, the chernical 
activities of each component must be equal in both the NAPL and aqueous 
phases. Therefoie: 
The mole fraction concentration of compound, i, in the water in 
equilibrium with the muiti-component NAPL is expressed as: 
The combination of equations 2-5 and 2-7 yields: 
For a multinomponent NAPL, there wiil be multiple components in 
the aqueous phase due to dissolution. As a result, may ciiffer from y& 
if the aqueous-phase components interad with each other. However, 
hydrophobie organic compounds such as petroleum hydrocarbons and 
chlorinated solvents have only a relatively low solubility in water so that the 
opportunity for chernical interactions in the aqueous phase is low. It is 
This assumption was validated assumed commonly that y&, = Yw - 
.- 
experimentaily for mixtures of hydrocarbon compounds (Burris and 
Madntyre, 1986a) but not for compounds that are commonly groundwater 
contaminants. However, caldations based on semi-empirical chemical 
structure modeling suggest that this assumption is reasonable when the 
aqueous concentrations of the various components are less than several 
thousand milligraxns per litre. These calculations are described in 
Appendu A. With the preceding assumption, equation 2-8 simplifies to: 
I€ there are no chemical interactiow between the components in the 
NAPL phase, then = 1, and equation 2-9 simpiifies to: 
Aithough this assumption is made commoniy in the evaluation of 
effective solubilities of multi-component NAPL, it is not dear that this 
assumption is generally applicable to groundwater contamination problems 
in the same way as the other assumptions made leading to equation 2-9. 
Equation 2-9 and equation 2-10 can be expressed also in terms of 
concentrations rather than mole fractions in the aqueous phase by: 
c ' = *LAPL 5 ' 
where : 
C ' is the effective solubility 
5 ' is the pure -phase solubilïty 
Equation 2-13 expresses a relationship analogous to Raoult's Law for 
vapor and is commonly referred to as Raoult's Law for aqueous solutions 
also. Implicit in this relationship is the assumption that ail components in 
the NAPL phase and aqueous phase exhibit ideal behaviour (Le. no chemical 
interactions). In this form, Raoult's Law can be used to determine effective 
solubility for a particular component of a muiti-component NAPL with 
knowledge of the mole fraction of the component in the NAPL and the pure- 
phase solubility of the component. 
The mole fraction is a normaiized molar concentration for the 
component in the NAPL. The mole fraction of a component can be caicuiated 
dVectly from a chemical analysis of the NAPL provided that all, i-e. 100°h, of 
the NAPL components are identified and quantified. For a chemical analysis 
with the component concentrations expressed as weight per unit weight or 
volume, the component concentrations are divided by the molecular weight 
of each component to yield a molar concentration. The molar concentrations 
for dl the components are summed, and the mole fractions of each 
component are calculated based on the individual molar concentratiow and 
the summed molar concentration for the NAPL. For a chemical anaiysis with 
component concentrations expressed as volume per unit volume, 
component concentrations must first be multiplied by the density of the 
component. In cases where not all components of the NAPL are 
characterized, rneasurements or estirnates must be made of the molecular 
weight or density of the uncharacterized components. This difficulty is 
discussed in detail in Section 2.6.4. 
In the evaluation of groundwater contamination problems, it would be 
optimum to have measured values of effective solubility for ail the 
components of the NAPLs in question oves the range of NAPL composition 
expected. However, this is aimost never the case, and effective solubility 
must be estimated based on the properties of the components and the NAPL 
composition. Raoult's Law provides a relatively simple means of estimating 
effective solubility. 
The estimation of effective solubility of the multi-component NAPL 
using Raoult's Law requires several assumptions: 
1) Mole fraction of water is the NAPL is low. 
2) There are no chemical interactions between components in the 
P aqueous phase such that: Y& = Yaq 
3) There are no chemical interactions between components in the NAPL 
phase such that: ybAPL = 1 
If these conditions are not satisfied, the determination of effective 
solubility values using Raoult's Law can cause underestimation or 
overestimation relative to the true effective solubility. If the degree of error 
associated with the use of Raoult's Law is 10% to 30% or lower, the error can 
be considered acceptably small, relative to the magnitude of other errors and 
uncertainties associated with the evaluation of groundwater problems. With 
regard to the application of Raoult's Law, the largest potential error relates to 
the assumption that there are no chemîcal interactions between components 
in the NAPL phase such that = 1. In circumstances where measured 
effective solubility values are available, they can be compared to values 
predicted using Raoult's Law to determine whether Raoult's Law is applicable 
in a given situation. 
The pure-phase solubility values referred to in preceding discussion 
relates to organic compounds that are liquids in their pure form. Liquid 
organic compounds indude benzene, toluene, ethyl benzene and xylenes 
(BTEX), low molecular weight petroleum hydrocarbons, and dilorinated 
solvents. There are, however, circurnstances in which a multi-component 
NAPL may contain components which are solids in their pure form at 
temperatures typical in the subsurface. 
Some NAPLs may contain solid-phase components dissolved in other 
liquid components. An example would be PCB (polychlorinated biphenyl) 
compounds in trichlorobenzene liquid. The melting point of PCBs ranges 
from M°C for monochlorobiphenyl to about 160 OC for octachiorobiphenyls. 
Some NAPLs, such as coal tar, creosote and PCB Aroclors are chernical 
products comprised primarily of soiid-phase compounds. The products are 
liquids because they are formed at high temperature and the mixture causes a 
mutual depression of the melting points of the components. Coal tar or 
aeosote are comprised of primarily of PAH (polycydic aromatic hydrocarbon) 
compounds whose melting points range from 80°C for naphthalene to 254OC 
for chrysene. 
The pure-phase solubility values found in the pubiished literature for 
solid-phase organic compounds represent the aqueous solubiiity of the 
compound in equiiibrium with the solid-phase material. However, the 
aqueous solubility of the solid-phase compound wili be lower than that of the 
saine compound that exists in a liquid state. A liquid-phase solubility or 
supercooled iiquid solubility for compounds which are solids can be 
esthated (Miller et al., 1985) by : 
where : 
5 lipid is the supercooled liquid solubility 
Sm is the solid -phase solubility 
T M  is themeltingpointin O K  
T is the system temperature in OK 
A5 is the en tropy of fusion in cal/moi K 
R is the 'Universal Gas Constant li, cal/mol K 
A S  values are available for some compounds which are potential 
contaminants in groundwater and values Vary by a factor of two tirnes. 
However, an average value of 13.4 cal/mol K is used cornmonly for PAH 
compounds (Yalkowsky and Banerjee, 1992) so that the AS/R term has a 
value of 6.8. 
The supercooled liquid solubility is always higher than the solid-phase 
solubility and the difference uicreases as the melüng point inaeases. 
Examples of the solid-phase solubility and supercooled liquid solubility for 
selected PAH compounds are shown in Table 2-2. nie supercooled liquid 
solubility of naphthalene (melting point - 80°C) is 3.5 times higher than its 
solid-phase solubility. The supercooled liquid solubiiity of anthracene 
(melting point - 217°C) is 126 tirnes higher than its solid-phase solubility. The 
relationship between solid-phase solubility and supercooled Liquid solubility 
versus melting point is Uustrated in Figure 2-1. 
This property can lead to the circumstance where the effective 
solubility of a component in a NAPL mixture may be higher than the 
compound's soiid-phase solubility. This circumstance occurs for 
perchloropentacyclododecane (Mirex) in the DNAPL shown in Table 1-3. 
Mirex comprises 0.1 % by weight of the DNAPL (mole fraction approximately 
0.001). The soiid-phase solubility of Mirex is 0.2 mg/L. However, because of 
its extremely high melting point (486OC), the caldated supercooled liquid 
solubility of Mirex is 7,200 mg/L, or 36,000 times higher than the solid-phase 
solubility. If it is assumed that Raoult's Law can be applied, the calculated 
effective solubility of Mirex in this DNAPL is 7.2 mg/L. This calculated value 
exceeds the solid-phase solubility by a factor of 36 times. In this case, the 
effective solubility of Mirex in water in contact with this DNAPL will be 
limited to the solid-phase solubility value. 
2.5 APPLICABIUTY OF RAOULT'S LAW FOR SIMPLE NAPLs 
There have been relatively few published studies which have 
evaluated the applicability of Raoult's Law to mixtures of organic compounds 
relevant to groundwater contamination problems. This section provides a 
compilation of the available information on the effective solubility of simple 
NAPL mixtures. For the purpose of this discussion, a simple NAPL mixture 
is comprised of a small number of components and ali the components are 
identified and quantified. Contamination of the subsurface by spills, leaks 
and disposal at industrial facilities is caused frequentiy by relatively simple 
NAPL mixtures. The resulh of testing of more complex multi-component 
mixtures are Gcscribed in Section 2.6. 
Broholm and Feenstra (1995) determined the effective solubility of 
various chlorinated solvents in 2-component (binary) and 3-component 
(temary) mixtures. The solvents tested induded: chloroform (TCM), carbon 
tetrachioride (PCM), l,l,l-trichloroethane (TCA), tridoroethylene (TCE) and 
tetrachloroethylene (PCE). These compounds wese selected because they are 
among the most common groundwater contaminants and because mixtures 
of TCM, TCE and PCE were used subsequently in both the Emplaced-Source 
and Free-Release field dissolution experiments. Effective çolubility was 
determined by means of batch experiments conducted at 23OC to 24OC. The 
mixtures tested included. 
TCE - TCM 
TCE - TCA 
PCE - TCM 
PCE - TCA 
TCE - PCM 
TCE - P a  
PCE - PCM 
TCM-TCE-PCE 
For each test, a DNAPL mixture of solvents was equüibrated with 
organic-free distilled water for a period of at least 2 days. ïhe water to DNAPL 
ratio was 4.97 to 1 so that the DNAPL was not depleted significantly in any 
component by dissolution into the water. For each binary and ternary system, 
the proportion of the solvent components in the DNAPL ranged from mole 
fractions of 0.03 to 0.97. An aliquot of the water was remwed, extracted with 
hexane and anaiysed in triplkate by GC/ECD (gas chiomatography/electron 
capture detection). The standard deviation of replicate analyses is about k5°/~. 
The purephase solubilities determined for the dilorinated solvents are 
shown in Table 2-3. 
The results of the effective solubility tests are summarized graphically 
in Figures 2-2 to 2-9. For each binary and ternary system, the measured 
aqueous concentrations are plotted versus the aqueous concentration 
predicted by Raoult's Law. If Raoult's Law is applicable, there should be a 
one-to-one correspondence between the measured and predicted 
concentrations, as shown by the straight line on each graph. 
On each graph in Figures 2-2 to 2-9, the measured aqueous 
concentration is plotted versus the aqueous concentration predicted using 
three variations of Raoult's Law. Raoult's Law as shown in equation 2-13 
relates the effective solubility of a component to the putephase solubility of 
the component and the mole fraction of the component in the NAPL. On 
practical grounds, the anaiysis of NAPL sarnples provides a weight-based or 
voiume-based concentration. It may not always be possible to caldate the 
mole fraction of each component in complex NAPL mixtures because both 
the concentration and molecula. weight of all components must be 
determined. It has been suggested by Shiu et al. (1988) that only a small 
potential error is imparted by the used of volume fraction in Raoult's Law 
calculations. For comparison purposes, the aqueow concentrations were 
predicted using weight fraction and volume fraction, in addition to mole 
fraction, to assess the degree of error that might result from direct use of 
volume or weight fraction. 
For the binary and ternary systems of chlorinated solvents tested, the 
aqueous concentrations predicted by Raoult's Law compare favourably to the 
measured aqueous concentrations. This represents ideal behaviour. The 
average deviation and maximum deviation of the predicted concentrations 
from ideal behaviour in each binary and ternary system are shown in 
Table 2-4. 
In general, the predicted aqueous concentrations based on mole 
fraction provided the best estimate of effective solubility with an average 
deviation of 7.0% and a maximum deviation of -40.4%, averaged over the 
eight binary and temary systems. The average deviation is only siightly larger 
than the variability of about 5% in measurement of the aqueous 
concentrations. The predicted aqueous concentratiom based on weight 
fraction and volume fraction exhibited larger deviatiow from ideal 
behaviour, though not appreaably larger. The average and maximum 
deviations for predictions based on weight fraction were 12.4% and 63.9%. 
respectively. The average and maximum deviatiow for predictions based on 
volume fkaction were 9.0% and 50.5%, respectively. For NAPL compositions 
which ranged from mole fractions of 0.03 to 0.97, the magnitude of deviation 
from ideal behaviour did not vary systematicaily with NAPZ. composition. 
These laboratory experiments suggest Raoult's Law provides a 
reasonable means for determinina the effective solubiiity of mixtures of 
chlorinated solvents. 
Banerjee (1984) determined the effective solubility of various 
chlorinated benzenes in binary and ternary mixtures. The compounds tested 
included: chlorobenzene (CBz), 13-dichlorobenzene (13-DCBz), 1,2,4- 
tridorobenzene (124-TCBz) and 1,2,4,5-tetrachlorobenzene (1245-TeCBz). 
The effective solubility was determined by means of batch experiments 
conducted at 25OC. For each test, the chlorinated benzene mixtures were 
equilibrated with distiiied water for a period of 3 days. The water to organic 
compound ratio ranged from as high as 300 to 1, to as low as 7.5 to 1. For each 
binary and ternary system, the proportion of components in the NAPL ranged 
from mole fractions of 0.0059 to 0.9911. An aliquot of water was removed and 
analysed by HPLC (high pressure Iiquid chromatography). The standard 
deviation of replicate analyses was about 5%. The pure-phase solubilities of 
the chlorinated benzenes are shown in Table 2-5. 
The results of these effective solubility tests are summarized 
graphicaliy in Figures 2-10,2-11 and 2-12. For these systems, the aqueous 
concentrations predicted by Raoult's Law compare favourably to the 
measured aqueous concentrations. The average and maximum deviation of 
the predicted concentrations from ideal behaviour in each system are shown 
in Table 2-6. 
The predicted aqueous concentrations based on mole fraction provided 
the best estimate of effective solubility with an average deviation of 10.6% 
and a maximum deviation of 88.3%, averaged over the three binary and 
ternary systems. The predicted aqueous concentrations based on volume 
fraction are comparable to predictions based on mole fraction. The predicted 
aqueous concentrations based on weight fraction exhibit somewhat larger 
deviations h m  ideal behaviour. These laboratory experïments suggest that 
Raoult's Law provides a reasonable means for determinhg the effective 
solubility of mixtures of chlorinated benzenes. 
All of the laboratory experirnents performed by Brohoim and Feewtra 
(1995) and those by Banerjee (1984) considered thus far, involved mixtures of 
liquid organics. Another experiment by Banerjee iilustrates the principles 
described in Section 2.4 for mixtures  of organic liquids and organic solids. 
This experiment involved mixtures of dilorobenzene (CBz), which is a 
liquid, and 1,2,4,5-tetrachiorobenzene (1245-TeCBz), which is a solid. If the 
mole fraction of 1245-TeCBz in the mixture is less than 0.1, the two 
components form a homogeneous organic liquid. If the mole fraction of 
1245-TeCBz exceeds 0.1, aystals of 1245-TeCBz are present in the CBz liquid. 
The tests by Banerjee considered mixtures having less than 0.1 mole fraction 
1245-TeCBz and greater than 0.1 mole fraction 1245-TeCBz. 
The results of these tests are shown in Figure 2-13. The CBz and 1245- 
TeCBz system did not exhibit ideal behaviour over the range of NAPL 
composition tested. There is, however, consistency with the principles 
described in Sections 2.2 and 2.4. At low 1245-TeCBz mole fractions, 
corresponding to high aqueous con cent ratio^ of CBz and low aqueous 
concentrations of 1245-TeCBz, the predicted concentrations for CBz compare 
well to the measured concentration (Figure 2-13a). The predicted 
concentrations for 1245-TeCBz compare well to the measured concentration 
only if the supercooled liquid solubility is used in the calculation of Raoult's 
Law (Figure 2-13b). If the solid-phase solubility for 1245-TeCBz is used, the 
predicted aqueous concentrations are about 25 times lower than those 
measured (Figure 2-13c). These tests clearly illustrate that the iiquid-phase 
solubility of solid organic compounds must be used in Raoult's Law 
calculations. 
At high 1245-TeCBz mole fractions where crystals of 1245-TeCBz are 
present, the measured aqueous concentration of CBz was much higher than 
predicted, although somewhat lower than the pure-phase solubility. The 
measured aqueous concentration of 1245-TeCBz was much lower than 
predicted, being dose to the soüd-phase solubility value of 0.465 mg/L. These 
results indicate that Raoult's Law is applicable when the organic components 
forrn a homogeneous NAPL, but is not applicable in heterogeneous mixtures 
of Liquids and solids. In heterogeneous mixtures, the solubilities of the 
components may reflect their pure-phase solubiüty values. 
Leinonen and Mackay (1973) and Burris and MacIntyre (1986a, 1986b, 
1986c) determined the effective solubility of various petroleurn hydrocarbons 
in various mixtures. Aside from the obvious difference of using different 
organic compounds, these studies differed in an important manner from 
those by Broholm and Feenstra (1995) and Bane rjee (1984). The d i l o ~ a t e d  
solvents considered by Broholm and Feenstra were all dilorinated methanes, 
alkanes and alkenes. Banerjee considered o d y  dilorinated monoaromatics. 
In contrast, Leinonen and Mackay, and B d s  and Macïntyre considered 
mixtures of stnicturally dissimilar aliphatic and aromatic compounds. 
Leinonen and Mackay examined mixtures of benzene (Bz) and 2- 
methyl pentane (2-MP) by meaw of batch experiments. For each test, a 
mixture of hydrocarbons was equilibrated with water at 25OC for at least 
18 hours. The water to NAPL ratio was 40 to 1. An aliquot of water was 
removed, extracted with heptane, and analysed by GC/FID (gas 
diromatography/flame ionization detection). The standard deviation of 
replicate analyses was ~10% The pure-phase solubility of Bz and 2-MP were 
1,765 mg/L and 14.2 mg/L, respectively. The results of the effective solubility 
tests are summarized graphically in Figure 2-14. 
Burrîs and Madntyre examined binary mixtures of n-octane, 1-methyl 
naphthalene (1-MP), tetralin, methylcjdohexane (MCH), and ethyl benzene 
(EBz) by means of batch experirnents. For each test, a mixture of hydrocarbons 
was equilibrated with organic-free distilled water at 20°C for at least 3 days. 
The water to NAPL ratio ranged from as high as 800 to 1 to as low as 133 to 1. 
An aliquot of water was removed, extracted with pentane, and d y s e d  by 
GC/FID. The standard deviation of replicate analyses was ~5%. The pure- 
phase solubilities of the hydrocarbons are shown in Table 2-7. The results of 
the effective solubility tests are summarized graphically in Figures 2-15, 2-16 
and 2-17. 
For the binary systems of hydrocarbons tested, the aqueous 
concentrations predicted by Raoult's Law exhibited greater deviation from the 
measured concentrations than the chlorinated solvent and chiorinated 
benzene mixtures. In almost al1 cases, the predicted aqueous concentrations 
were lower than the measured concentrations. The average and maximum 
deviation of the predicted concentrations from ideal behaviour in each 
system are shown in Tables 2-8 and 2-9. For the Leinonen and Mackay 
experiments, the average deviation and maximum deviation of predicted 
concentrations based on mole fraction were 29.8% and -58%, respectively. For 
the Burris and MacIntyre experiments, the average deviation and maximum 
deviation of predicted concentrations based on mole haaion were 20.9% and 
-75.3%, respectively. Comparable average and maximum deviation from 
measured aqueous concentrations were shown for predicted concentrations 
based on weight fraction and volume fraction. 
Burris and Madntyre (1986b) and (1986~) also examined a quatemary 
hydrocarbon mixture and a simulated Ji?-4 jet fuel mixture. These mixtures 
were tested using the same procedures as the binary mixtures described in the 
preceding paragraphs, but only one formuiation of each mixture was tested. 
The quaternary mixture was comprised of ethyl benzene, tetralin, 1-methyl 
naphthaiene and methylcydohexane. The simulated JP-4 jet fuel was 
comprised of 12 hydrocarbon components. The resdts of the effective 
solubility tests for the quatemary mixture and simulated JP-4 jet fuel are 
shown graphicaiiy in Figures 2-18 and 2-19, respectiveiy. As with the binary 
systems, the predicted aqueous concentrations are lower than the measured 
concentrations. 
For the quaternary system, the average deviation and maximum 
deviation of predicted concentrations based on mole fraction were 29.0% and 
-54.6%, respectively. Deviations were comparable for predicted 
concentrations based on volume fraction, and lower for predicted 
concentrations based on weight fraction. 
For the simulated JP-4 jet fuel, the average deviation and maximum 
deviation of predicted concentrations based on mole fraction were 24.6% and 
-55.3%, respectively. Deviations for predicted concentrations based on weight 
fraction and volume fraction were slightly higher. 
2.5-4 CONCLUSIONS ON RAOULT'S LAW FOR SIMPLE NAPLs 
Based on the laboratory experiments perforrned for this study and 
information in the published literature, it is apparent that Raoult's Law 
provides a reiatively accurate means for the estimation of effective solubility 
for simple NAPL mixtures. Simple NAPL mixtures are those comprised of 
relatively few components, and for which al1 components have been 
characterized. The foUowing specific conclusions can be made: 
For NNAPL mixtures comprised of structuraiiy similar compounds, 
such as the mixtures of c h i o ~ a t e d  solvents considered by Broholm 
and Feenstra (1995) and the mixtures of chiorinated benzenes 
considered b y Banerjee (19&9), effective solubilities predicted b y 
Raoult's Law deviate from measured concentrations by about 10% 
to 30%, or less. 
For NAPL comprised of stnicturaliy dissimilar compounds such as 
mixtures of aliphatics and aromatic compounds, such as the 
mixtures cowidered by Leinonen and Mackay (1973) and Burris and 
Madntyre (1986a, 1986b, 1986c), effective solubilities predicted by 
Raoult's Law deviate from measured concentrations by about 25% 
to 50%, or less. 
Calculation of effective solubility using Raoult's Law is most 
accurate when based on mole fraction. However, use of weight 
fraction or volume kaction wili deaease accuracy only slightly. 
Calculations of effetive solubility using Raoult's Law must u W e  
the supercooled iiquid solubility values for compounds that are 
solids in their pure form at ambient temperature. 
Calculations of effective solubility using Raoult's Law are not 
applicable if the NAPL is a heterogeneous mixture of liquid and 
soiids. 
Complex NAPL mixtures may be the cause of subsurface 
contamination at many sites. For the purpose of this discussion, a complex 
NAPL mixture is one comprised of many components and contains 
components which have not been identified and/or quantified. Complex 
NAPLs indude most petroleum fuels, creosote and coal tar, and many of the 
NAPLs found at hazardous waste disposai sites. This section provides a 
compilation of the available infornation on the effective solubility of 
complex NAPZ. mixtures. 
Gasohe is a mixture of 100 or more low molecular weight aiiphatic 
and aromatic hydrocarbon compounds. A typical analysis of PS-6 standard 
gasoiine showing the concenbations of the 20 major components is found in 
Table 1-4. Almost a l l  of the components in gasoline are liquids in their pure 
fom. ûenzene, toluene, ethyl benzene, and xylenes (B'fEX) are the 
components of gasoline having the highest solubilities and are those of 
greatest concern with regard to groundwater contamination. The effective 
solubilities of various components of gasoline have been determined by 
TRC (1985), Poulsen et al. (1992) and C h e  et al. (1991). 
TRC (1985) determined the effective solubiüty of 12 components of a 
sample of PS-6 standard gasoline by means of a batch experiment. The 
12 components considered in this test comprised 38 weight percent of the 
gasoline. Gasoline was equilibrated with organic-free distilled water for a 
period of 2 hours. The water to NAPL ratio was 10 to 1. An aliquot of water 
was removed and analysed by GC/FID. The results of the effective solubility 
tests are summarized graphically in Figure 2-20. 
Poulsen et al. (1992) determined the effective solubility of 
6 components of a sample of PS-6 standard gasoline by means of a batch 
experiment. The 6 components considered in this test comprised 15.4 weight 
percent of the gasoline. Gasoline was equilibrated with natural low TDS (total 
dissolved solids) groundwater from the Borden site for a period of 4 hours. 
The water to NAPL ratio was 10 to 1. An aliquot of water was removed, 
extracted with hexane, and analysed by GC/FID. The results of the effective 
solubility tests are summarized graphicaily in Figure 2-21. 
Ciine et al. (1991) deterrnined the effective solubility of 8 components 
in 31 samples of gasoline by means of a batch experiments. The average 
measured effective solubility and average gasoline composition were 
reported. The 8 components considered in these tests comprised an average 
of 24.7 weight percent of the gasoline. Gasohe was equilibrated with organic- 
free distilled water for a period of 90 minutes. The water to NAPL ratio was 
20 to 1. An aliquot of water was removed and analysed by GC/FID. The 
results of the effective solubility tests are surnmarized graphicaily in 
Figure 2-22. 
For complex NAPL such  as gasoline, the mole fraction and volume 
fraction of the various components cannot be calculated directly because not 
al i  the NAPL components were identified and quantified. The weight 
fraction can be calculated directly from the analysis of the NAPL. in order to 
calculate the mole fraction of the characterized components, a value m u t  be 
assumed for the average moledar mass of the compounds compnsing the 
uncharacterized portion of the NAPL. In order to calculate the volume 
fraction of the characterized components, a value must be assumed for the 
average density of the compounds comprising the uncharacterized portion of 
the NAPL. Although the uncharacterized portion of the NAPL in these tests 
ranged from 62 to 85 weight percent, the average molecular mass and density 
for gasoiine are well known. For the predicted aqueous concentrations 
shown in Figures 2-20, 2-21 and 2-22, the uncharacterized portion of the 
gasoline was assigneci an average molecular mass of 100 g/mole and a densitv 
of 0.75 g/an3 (Che  et al., 1991). 
These labosatory experiments suggest Raoult's Law provides a 
reasonable means for determining the effective solubility of gasoline 
components. The average deviation and maximum deviation in predicted 
aqueous concentrations from measured concentrations are shown in 
Table 2-10. The average deviation in predicted concentrations ranged from 
19.2% to 394%. The maximum deviation ranged from 36.1% to 68.2%. These 
values are comparable to the deviations in predicted concentrations for the 
simple hydrocarbon mixtures desaibed in Section 2.5. Predided aqueous 
concentrations based on weight fraction or volume fraction generally yield 
larger deviations fiom the measured concentrations than predicted 
concentrations based on mole fraction. 
Diesel fuel is mixture of 100 or more intermediate molecular weight 
aliphatic and aromatic hydrocarbon compounds. Diesel fuel is comprised of 
about 40% normal dkanes, 40% iso- and cydoalkanes, and 20% aromatics. 
Although polycyclic aromatic hydrocarbons (PAH) comprise only a few 
weight percent of diesel fuel, they are some of the compounds of greatest 
concern with regard to groundwater contamination. The effective solubilities 
of various components of diesel have been determined by Lee et al. (1992a). 
Lee et al. (1992a) determined the effective solubility of 8 PAH 
compounds in 4 sarnples of diesel fuel by means of batch experiments. The 
8 components considered in these tests comprised about 1 weight percent of 
the diesel fuel. Diesel was equilibrated with organic-free deionized water for a 
period of 24 hours. The water to NAPL ratio was 10 to 1. An aliquot of water 
was removed, extracted with dichloromethane and analysed by GC/ITD (gas 
chromatography/ion trap detection). The results of the effective solubility 
tests are summarized graphically in Figure 2-23,2-24,2-25 and 2-26. 
The average molecular masses of the diesel fuel samples were 
estimated by Lee et al. from the chromatograms. The density of each sample 
was measured directly. The mole fractions of the PAH compounds in each 
sample were calculated using the estirnated average molecular masses, which 
ranged hom 225 g/mole to 232 g/mole. The volume fractions of the PAH 
compounds in each sample were calculated using the NAPL density, which 
ranged from 0.851 g/cm3 to 0.869 g/an3. 
The average deviation and maximum deviation in predicted aqueous 
concentrations from measured concentrations are shown in Table 2-11- The 
average deviation in predicted concentrations ranged from 40.4% to 68.4%. 
The maximum deviation ranged from 76.0% to 133%. Predicted aqueous 
concentrations based on weight fraction or volume fraction generally yield 
comparable or slightly larger deviations from the measured concentrations 
than predicted concentrations based on mole fraction. These laboratory 
experiments suggest Raoult's Law provides a reasonable means for 
determllung the effective solubility of diesel fuel componenh, although the 
deviation from measured values is greater than for simple NAPL mixtures 
and gasoline. 
Creosote and coal tars are mixtures of several hundred or more 
hydrocarbon compounds. Creosote and coal tars are comprised primarily of 
PAH compounds with lesser proportions of sulfur- and nitrogen-containing 
heterocydic compounds, phenolic compounds, and sometimes BTEX 
compounds. The effective solubilities of various components of creosote 
and coal tars have been determined by Priddle and MacQuame (1994) and 
Lee et al. (1992b), respectively. 
Priddle and MacQua.de (1994) determined the effective solubility of 
6 PAH compounds in a sample of aeosote by means of a static generator 
column experiment. The 6 components considered in this test comprised 
about 52.3 weight percent of the creosote. Creosote was equilibrated with 
organic-free deionized water for a period of 10 days. The water to NAPL ratio 
was approximately 10 to 1. An aliquot of water was removed, extracted with 
dichloromethane and analysed b y GC/MSD (gas chromatography / m a s  
selective detection). The results of the effective solubility tests are 
summarized graphically in Figure 2-27. 
The average molecular mass of the aeosote sample was by Priddle and 
MacQuarrie from the chromatograms. The density of the sample was 
measured diredy. The mole fractions of the PAH compounds in the sampie 
were calculated using the estimated average molecdar mass of 180 g/mole. 
The volume fractions of the PAH compounds in the sample were calculated 
using the NAPL density of 1.10 g/cm3. 
Lee et al. (1992b) determined the effective solubility of 12 PAH 
compounds in 3 samples of low-viscosity liquid coal tar by means of batch 
experirnents. The 12 components cowidered in these tests comprised about 
17.0 to 30.1 weight percent of the coal tar. The diemical compositions of these 
coal tars are shown in Table 1-5. Coal tar was equilibrated with 0.01 mole/L 
calcium chioride solution for a period of 7 days. The water to NAPL ratio was 
approximately 80 to 1. An aliquot of water was removed, extracted with 
ciidiloromethane and analysed b y GC/ITD (gas chromatography /ion trap 
detection). The results of the effective solubility tests are summarized 
graphicaliy in Figure 2-28,2-29 and 2-30. 
The average molecular masses of the coal tar samples were estimated 
based on vapour pressure osmometry. The density of each sample was 
measured directly. The mole fractions of the PAH compounds in each 
sample were calculated using the estimated average molecular weights, 
which ranged from 230 g/mole to 250 g/mole. The volume fractions of the 
PAH compounds in each sample were calculated using the NAPL density, 
which ranged from 1.064 g/cm3 to 1.133 g/cm3. 
The average deviation and maximum deviation in predicted aqueous 
concentrations from measured concentrations are shown in Table 2-12. For 
the aeosote sample and coal tars #4 and #5, the average deviation in 
predicted concentrations ranged from 39.6% to 83.2%. Predicted aqueous 
concentrations based on weight fraction or volume fraction generaiiy yield 
similar or siightly smailer deviations from the measured concentrations 
compared to predicted concentrations based on mole fraction. 
The deviations in predided aqueous concentration for coal tar #1, and 
the maximum deviations for all the coal tar samples are much larger than 
those exhibited for simple NAPL mixtures, gasoiine or diesel fuel. in alrnost 
all cases, the predicted aqueous concentrations are higher than the measured 
concentrations. For fluoranthene in coal tar #1, the predicted concentration 
was 12.2 times higher than the meastued concentration. In general, the 
largest deviations occur for the compounds with the lowest effective 
solubility. 
The reasons for the large deviations in predicted aqueous 
concentrations for the coal tar samples are not dear. AU of the measured 
aqueous concentrations are less than the solidphase soiubility of the PAH 
compounds. As a result, the measured effective solubilities of the 
components are not controlled by the presence of aystalline compounds in 
the coal tar. 
For the higher rnolecular weight PAH compounds such as 
fluoranthene, pyrene and benzo(a)anthracene which exhibit the largest 
deviations, the measured aqueous concentrations are 0.02 mg/L or less. The 
anaiytical error at low concentrations is iikely larger than at higher 
concentrations and could account for deviations of about f50% to a factor of 2. 
However, analytical errors could not Likely account for deviatiom a high a 
factor of 12.2 times. 
There wiü also be error imparted to the predicted aqueous 
concentrations because of inaccuracies in the supercooled liquid solubilities 
used in the Raoult's Law calculations. The supercooled liquid solubilities are 
calcuiated using pubiished solid-phase solubility values and equation 2-14. 
There may be inaccuracy in the published solid-phase solubility values. 
Supercooled liquid solubility values were estimated using equation 2-14 with 
the assumption that the entropy of fusion is a constant for a i l  the PAH 
compounds considered because speQfic entropy of fusion values are not 
available for aI i  the PAH compounds. Inaccuracy in the calculation of the 
supercooled liquid solubilities is consistent with the trend in the deviations 
of the predicted aqueous concentrations. The PAH compounds having the 
lowest solid-phase solubility have ais0 the highest melting point, and as a 
result, their calculated supercooled liquid solubility will be most influenced 
by errors associated with equation 2-14. 
These laboratory experiments suggest Raoult's Law must be used with 
caution in determining the effective solubility of coal tar components. 
Raoult's Law may provide reasonable estimates of effective solubility for the 
compounds having the higher effective solubility, but may be inaccurate by as 
much as a factor of ten times for other compounds. 
For each of the examples of complex NAPLs described in the preceding 
sections, significant proportions of the NAPLs were not diaracterized 
specifically. Aithough the concentration of the uncharacterized (UC) portion 
was known, the compounds present were not identified. As a result, the 
mole fractions of the charaderized components could not be calcuiated untü a 
molecdar mass was assigned to the UC portion of the NAPL. For the 
examples of gasoline, diesel fuel, aeosote and coal tar, the average molecular 
mass of the NAPL components was estimated by gas dvomatography or 
vapour pressure osmometry. This average molecular mass value was 
assigned to the uncharacterized portion of the NAPL. The average molecular 
masses for specific diemical products are known suffiuently well, in general, 
to allow their use in the calculation of effective solubilities of the important 
components. The average molecular mass for gasoluie ranges from 
100 g/mole to 105 g/mole ( C h e  et al., 1991). The average moledar mass for 
diesel fuel ranges from 225 g/rnole to î32 g/mole (L+ee et al, 1992a). The 
average molecular mass for coal tar ranges from 230 g/mole to 250 g/mole 
(Lee et al., 1992b). 
However, at many sites of groundwater contamination, the average 
moledar mass of NAPL has not been measured specificaily nor can be 
selected reliably from the pubfished fiterature. As a resuit, the application of 
Raoult's Law requires the estimation of the molecular mass of the UC portion 
of the NAPL. The value of molecular mass assigned to the UC potion, 
together with the concentration of the UC portion, WU influence the mole 
fractions calculated for all the characterized cornponents. 
Table 2-13 shows an example of the effect of different assumed 
molecular masses for the UC portion on the effective solubilities of a sample 
of NAPL from the Tyson's Superfund site (shown also in Table 1-2). The best 
estimate of the molecular mass of the UC haction was 200 g/mole determined 
from gas chromatograms of the hydrocarbons present in the NAPL sample. 
This value is regarded as the true value for this example. The effective 
solubilities of tridiloropropane, toluene, xylenes and ethyl benzene were 
calculated using this value, and values of 150 g/mole and 250 @mole, 
representing the possible range in molecular mass for the UC portion. A 
lower value for the assumed molecular mass results in a higher mole fraction 
for the UC portion and consequently lower effective solubility values for the 
diaracterized components. The effective solubility for each of the 
characterized components is reduced by the same factor. As a result, the ratios 
of the effective solubilities of the Eharacterized components does not change. 
A higher value for the assumed molecular mass results in a lower mole 
fraction for the UC portion and consequently higher effective solubility 
values for the characterized components. 
For this particular NAPL sample, the potential uncertainty imparted to 
the calculated effective solubilities of characterized components (Le. a factor of 
0.88 to 1-09} is smaiier than any uncertainty associated with the molecular 
mass of the UC portion (i.e. a factor of 0.75 to 1.25). However, the uncertainty 
imparted to the calculated effective solubilities will approach the uncertauity 
associated with the molecular mass for NAPL samples in which the UC 
portion has a higher concentration. The uncertainty imparted to the 
calculated effective solubilities will be higher also if the molecular mass of the 
UC portion is less than the average moledar  mass of the characterized 
components. The general sensitivity of calculated effective solubility to 
different values of the molecular mass of the UC portion is shown in 
Figures 2-31, 2-32 and 2-33. In al l  cases the uncertainty imparted to the 
calculated effective solubility of the characterized components is less than the 
uncertainty in the assumed molecdar mass of the UC portion. In the cases 
where the UC portion comprises a lower concentration in the NAPL, 
uncertainties imparted to the calculated effective solubilities of the 
characterized components will be very small (i.e. 0.95 to 1.05). 
Based on information in the published literature, it is apparent that 
Raoult's Law provides a reasonable means for the estimation of effective 
solubility for complex NAPL mixtures, although deviatiow between 
estimated and measured values are greater generaiiy than for simple NAPL 
mixtures. The following spe&c conclusions can be made: 
For gasoline, effective solubilities predicted b y Raoult's Law devia te 
from measured concentrations by only 20% to 40%, or less. This is 
comparable to many simple NAPL mixtures. 
For diesel fuel, effective solubiiities predicted by Raoult's Law 
deviate from measured concentrations by 4Ooh to 70%, or less. 
For coal tar and creosote NAPL, effective solubiüües predicted by 
Raoult's Law deviate from measured concentrations by 40% to 80% 
for most compounds in most samples. However, for low solubility 
components in some sample, predicted effective solubilities may 
deviate h m  measured values by factors up to 12 times. As a result, 
Raoult's Law should be used with caution for complex NAPL 
mixtures sunilar to coal tar and aeosote. 
The most significant fundamental assumption invoked in the 
application of Raoult's Law to predict effective solubility is that there is no 
chernical interaction between the various components of a mulci-component 
NAPL. Specifically, it is assumed that the activity coeffiaents for the NAPL 
components equal  nit^,^^^^ = 1. 
UNIFAC (Universal Quasi-chernical Functional Group Activity 
Coefficients) is a calculation method which can be used to predict the activity 
coefficients of individual organic compounds in liquid mixtures. The 
chemical interaction between molecules in a iiquid mixture depends on the 
size and shape of the molecules, and the energy interactions between the 
chemical functional groups comprising the molecules. The fundamental 
basis for UNIFAC calculations is that organic compounds can be expressed as 
combinations of chemical functional groups, and that the interactions 
between the molecules can be characterized by the summation of the 
chemical interactions between the functional groups. The principles for 
UNIFAC were described by Fredenslund et al. (1977') and its potential 
appiicability has gmwn as appropriate parameters have been measured or 
developed for the interactions of a greater number of functional groups. 
Because of the number of possible interactions, UNDAC calculations are 
commonly performed using a cornputer model. Lyman et al. (1982) provide a 
description of the procedures for -AC calculations. 
For the purpose of this evaluation, the results of laboratory 
experiments and Raoult's Law predictions of effective solubility described in 
Sections 2.5 and 2.6 were compared to effective solubility vaiues predicted 
using UNfFAC. The cornputer code PC-UNIFAC Version 4.0' was used to 
calculate the activity coefficients ) of the cornponents in each of the 
NAPL mixtures. The value of the activity coefficient was then substituted 
into equation 2-11 to determine the effective solubility. 
The effective solubility values calculated by -AC for the laboratory 
experiments of Broholrn and Feenstra (1995) are shown in Figures 2-35 
through 2-41. The average and maximum deviation of the Raoult's Law and 
UNIFAC predictions from measured effective solubility values are shown in 
Table 2-14. For these mixtures of chlorinated solvent., Raoult's Law provided 
reasonably accurate estimates of effective solubility. UNIFAC predictions 
were slightly worse than Raoulfs Law predictions. This is likely due to 
inadequacies in the UNIFAC database of functional group interaction 
parameters. The average deviation of the UNIFAC predictions from 
measured values was 13.3% compared to 7.0% for Raoult's Law predictio~. 
The maximum deviation of the UNIFAC predictions from measured values 
was -53.096 compared to -40.4% for Raoult's Law predictions. 
The effective solubility values caiculated b y UNIFAC for the laboratory 
experiments of Bane j e e  (19û4) are shown in Figures 2-42 through 2-44. The 
average and maximum deviation of the Raoult's Law and UNEAC 
prediaions from measured effective solubility values are shown in 
Table 2-15. For these mixtures of chlorinated benzenes, Raoult's Law 
PC-UNIFAC Version 4.0 (1993). Avaiiable commerciaüy from bri, inc.. 
P. O. Box 7834, Atlanta, Georgia 30357-0834. 
provided reasonably accurate estimates of effective solubility and UNIFAC 
predictions were comparable- 
The effective solubility values calculated by UNIFAC for the Laboratory 
experiments of Leinonen and Mackay (1973) are shown in Figure 2-45. The 
average and maximum deviation of the Raoult's Law and UNIFAC 
predictions from measured effective solubiiity values are shown in 
Table 2-16. 
The effective solubility values calculated by UNIFAC for the laboratory 
experiments of B b s  and Machtyre (1986a, 1986b and 1986c) are shown in 
Figures 2-46 through 2-50. The average and maximum deviation of the 
Raoult's Law and UNIFAC predictions from measured effective solubility 
values are shown in Table 2-17. For these mixtures of petroleum 
hydrocarbons, Raoult's Law provided reasonably accurate estimates of 
effective solubility but UNIFAC predictions deviate slightly less from 
measured values. For the Burris and MacIntyre experiments, the average and 
maximum deviations for the UNIFAC predictions were 10.9% and -52.8%, 
respectively, compared to 20.9% and -75.3% for the Raoult's Law predictions. 
The effective solubility values calculated by UNIFAC for the laboratory 
experiments of TRC (1985), Poulsen et al. (1992) and C h e  et al. (1991) are 
shown in Figures 2-51 through 2-53. The average and maximum deviation of 
the Raoult's Law and UNIFAC predictions from measured effective solubility 
values are shown in Table 2-18. For each set of experiments, UNIFAC and 
Raouit's Law predictions were comparable. 
The effective solubility values calculated by UNIFAC for the laboratory 
experiments of Lee et al. (1992a) are shown in Figures 2-54 through 2-57. The 
average and maximum deviation of the Raoult's Law and UNIFAC 
predictions from measured effective solubility values are shown in 
Table 2-19. For these diesel fuels, UNlFAC predictions exhibited much larger 
deviations h m  measured vaiues than Raoult's Law predictions. 
The effective solubiLity values calculated by UNIFAC for the laboratory 
experiments of Priddle and MacQuarrie (1994) are shown in Figure 2-58 and 
those of Lee et al. (1992b) are shown in Figures 2-59 through 2-61. The average 
and maximum deviation of the Raoult's Law and UNIFAC predictions from 
measured effective solubility values are shown in Table 2-20. For these 
creosote and coal tar mixtures, UNIFAC and Raoult's Law predictions were 
cornpar able to measured values. 
2.7.7 CONCLUSIONS O  UNIFAC FOR NAPL MIXTURES 
Based on the preceding exeruse, it is apparent that UNIFAC predictions 
of effective solubility are not substantially more accutate than Raoult's Law 
predictions for most simple or complex NAPL mixtures. The only exception 
appears to be relatively simple mixtures of stnictutally dissimüar 
hydrocarbon compounds. For the mixtures of aliphatic and aromatic 
hydrocarbons tested by Burris and Madntyre (1986a, 1986b and 1986~)' the 
deviation from measured values of effective solubility exhibited by the 
UNIFAC predictions was about haif that of the Raoult's Law predictions. 
However, UNIFAC does not provide more accurate predictions than Raoult's 
Law for more complex mixture of hydrocarbons such as gasoline, diesel fuel, 
creosote or coal tar. 
For the range in temperature found in the subsurface environment, 
the aqueous solubilities of organic compounds Vary only by a srnail amount. 
Over the temperature range of O°C to 25OC, pure-phase solubility inaeases for 
some compounds, deaeases for some compounds, and rem& essentially 
constant for other compounds. Most compounds exhibit changes in solubility 
of 20% to 30% or less. The pure-phase solubility values of selected 
compounds at O°C and 25°C are shown in Table 2-21. Because of the smalI 
dianges in solubility with temperature over this temperature range, 
laboratory measured values at 25°C are not corrected commonly for the lower 
temperature in the subsurface. 
In general, the solubility of organic compounds is not influenced by the 
pH of the aqueous phase. However, pH will influence the solubility of 
organic acids and bases such as phenolics, carboxylic aads and amines can 
form non-ionic and ionic species in water at the range of pH (Le. about 5 to 8) 
found in groundwater. Organic compounds in their non-ionic form wili 
have lower solubility than when in their ionic form. 
The dissoaation of an organic acid into ionic and non-ionic forms can 
be expresseci by: 
HA,, = H+ + A- 
where : 
HA,, is the non - ionic organic compound 
H + 13 hydrogen ion 
A - is the ionicorganiccompound 
The partitioning between ionic and non-ionic forms of the organic 
compound is expressed by: 
where : 
K a  is the dissociation constant 
[ HA, ] 13 the chemical acfivity of the non -ionic organic compound 
[ H ' 1  is the chemical activity of hydrogen ion 
[ A -1 is the chemical activity of the ionic organic compound 
When the pH of the aqueous phase equals the negative log of the Ka 
(Le. pK,), the chemical activity of the ionic and non-ionic forms are equal. 
For the organic acids, when the pH of the aqueous phase is less than the pKa, 
the non-ionic form is predominant. When the pH of the aqueous phase is 
greater than the pKa, the ionic form is predominant. 
Similarly, the dissociation of an organic base into ionic and non-ionic 
forms can be expressed by: 
where : 
BH + is the ionic organic compound 
B, is the non -ionic organic compound 
H + is hydrogen ion 
The partitioning between ionic and non-ionic forms of the organic 
compound is expressed by: 
where : 
K a  is the dissociation constant 
[ B , 1 is the chemical activity of the non -ionic organic curnpound 
[ H +] is the chemical activity of hydrogen ion 
[ BH + ] is the chemical a m t y  of the ionic organic compound 
When the pH of the aqueous phase equals the negative log of the Ka 
(Le. pK,), the chemical activity of the ionic and non-ionic forms are equal. 
For organic bases, when the pH of the aqueous phase is less than the pKa, the 
ionic form is predominant. When the pH of the aqueous phase is greater 
than the pK', the non-ionic form is predominant. 
For organic acids, the proportion of the compound in non-ionic form 
at a specified pH is given by: 
For organic bases, the proportion of the compound in non-ionic form 
at a specified pH is given by: 
base / 
anon-ionic = ' - 
7 +  70 (pH-pKal 
Table 2-22 provides a listing of the pKa values of seiected organic acids 
and bases which are found commoniy as groundwater contaminants. For 
compounds with pKa values far beyond the pH range of groundwater (Le c4 
and >9), oniy the non-ionic or ionic forms WU be present. This indudes 
phenol and methylated phenols (cresols). This simplifies the determination 
of solubility. 
However, there are numerous compounds with p& values 
comparable to the pH range found in groundwater. In particular, dichioro-, 
trichloro-, tetrachloro- and pentachlorophenols have pKa values that range 
from about 5 to 8. For these compounds, varying proportions of the non- 
ionic and ionic forms of each molecule may be present in the aqueous phase 
depending on the pH. Because the solubilises of the non-ionic and ionic 
forms will be very different, the total solubility of such compounds in water 
WU be highiy dependent on pH. 
Figure 2-62 illustrates this case for pentachlorophenol (PCP), a 
compound that is used widely as a wood preservative diemical. The pKa of 
PCP is 4.75. At pH values less than the pKa, the non-ionic form is 
predominant (Figure 2-62a). At higher pH values, the ionic form is 
predominant The pure-phase solubility of PCP reported in the literature 
ranges from about 10 mg/L to 20 mg/L with the most commonly used value 
being 14 mg/L. 
Aithough it is seldom specified in the literature, these solubility values 
represent the solubility of PCP at low pH when the dissolved PCP in the non- 
ionic form. The solubility of PCP at neutral to high pH has not been reported 
specifically in the literature. However, Lee et al. (1990) measured the change 
in the KoC value for PCP with pH and found that Koc decreases by a factor of 
50 times from pH 3 to pH 7. Koc is the organic carbon - water partition 
coefficient which reflects the degree to which PCP may sorb on soi1 organic 
carbon. Km has been shown to be inversely correlated to solubiüty (Lyman et 
ai., 1990). 
As a result, it is expected that the çolubility of PCP would inaease by 
about 50 times from pH 3 to pH 7. This yields an estimated solubility of 
700 mg/L for P B  when present in the ionic form. The total solubility of PCP 
at a given pH is given by: 
where : 
,ta/ is the total solubiliiy 
anon - i~n ic  î3 the fraction non -ionic form 
non -ionic is the solubiliîy of non -ionic form 
5 is the solubiliîy of ionic form 
ïhis relationship is shown in Figure 2-62b. This illustrates that pH will 
have a significant effect on the solubility of compounds such as 
pentachlorophenol and is a factor that must be considered in the 
determination of effective solubility NAPLs comprised of such compounds. 
High concentrations of dissolved inorganic salts in the aqueous phase 
will deaease the solubility of organic compounds. This effect is referred to as 
"salting out". It is believed to be caused by the extensive hydration of 
inorganic ions in solution which binds a substantial proportion of the water 
molecules. This bound water is unavailable for the organics to dissolve into, 
and as a result, the solubility of organic compounds is reduced. However, the 
dissolved salt concentrations must be very high before the effect becomes 
signihcant Experimental data are available for some organic compounds. 
Table 2-23 shows the solubility of severai organic compounds in both disülled 
water and seawater. For these compounds, the solubility in seawater is 23% to 
43% lower than in distilled water. The total salt concentration in seawater is 
about 35,000 mg/L and is considerably higher than encounkred commonly in 
groundwater, even groundwater contaminated by landfill leachates. 
The decrease in solubility due to salting out can be estimated for other 
organic compounds and related to salt concentration. The salting out effect 
was estabiished empirically by Setchenow (1889) by: 
where : 
LW is the solubility of the organic in wa ter 
5 SI, 501~0m is the solubility of the organic in sait solution 
Ks is the Salting Constant 
[ salt ] is the molar concentration of salt in wa ter 
Although Salting Constant values are not available for all organic 
compounds of relevance in groundwater, available data suggest that the 
Salting Constant varies ody  from about 0.1 to 0.4 L/mole (see Table 2-24). 
This srnail range in Salting Constant appears to apply to both non-ionic and 
ionic compounds. The Salting Constant for phenol is comparable to the other 
compounds in Table 2-24. 
Figure 2-63 shows the solubility of organic compounds in salt solutions 
relative to distilled water versus salt concentration. This graph illustrates 
that solubiiity is decreased by 10% to 40% at seawater concentrations, 
equivalent to about 35,000 mg/L dissolved salts. The decrease in solubility is 
probably less than 10°/0 at salt concentrations of 5,000 mg/L or less. As a result, 
in most circumstances of groundwater contamination by organic compounds, 
there should be no signihcant effect on solubility as a resuit of presence of 
dissolved inorganics in water. 
The solubility of organic compounds in groundwater may be enhanced 
by the presence of other miscible CO-solvents in the groundwater. Industrial 
diemicals commonly released to the subsurface environment which may act 
as CO-solvents indude: acetone, methyl ethyl ketone ( M W ,  methanol and 
isopropanol (PA). These compounds have either a very high solubility in 
water, or are completely miscible in water, such that these compounds can 
occur at very high concentratiow (>10,000 mg/L) in groundwater if released 
in sufficient quantity. 
As was previously indicated in Section 2.3.1, when the concentrations 
of dissolved organic compounds are less than a few hundred to a few 
thousand müligrams per litre, there are no significant diemical interactions 
between the dissolved organic compounds. Hence, the presence of low to 
moderate concentrations of other organic compounds does not influence the 
solubility of a specific organic compound. However, if the concentrations of 
other organics (CO-solvents) are sufficiently high, the solubility of specific 
organic compounds is enhanced. This enhancement occurs because the CO- 
solvents replace water as the molecules surrounding the specific compound. 
Rao et al. (1985) describe the theoretical basis for estimating the 
solubility of an organic compound in a mixture of water and CO-solvent. This 
relationship is given as: 
where : 
C' - is the effective solubility relative tu the pure - phase solubility 
5 ' 
f ,  is the volume fraction of CO -solvent in the water 
A y is the difference in inter facial energy for an organidwater 
and an organidco -solvent system ( M m  ) 
HSA is the hydrophobic surface area of the organic compound (nm ) 
k , is Boltzman ' s Constant (W/KI 
T is the temperature (K) 
n i e  difference in interfacial energy is fixed for a given organic 
compound in a given water/co-solvent system. This parameter may be 
estimated from maaoscopic interfaaal tensions (Schwarzenbadi et al., 1992). 
For hydrophobic organic compounds such as chiorinated solvents and BTEX 
compounds, the hydrophobic surface area is equivalent to the total molecular 
surface area (TÇA) of the compound. TSA values for selected organic 
compounds are shown in Table 2-25. 
From equation 2-23, it is evident that the increase in effective solubility 
of the organic will be greater for higher CO-solvent concentrations. For a 
given CO-solvent system and CO-solvent concentration, the inaease in 
effective solubility will be greater for organic compounds having higher HSA 
values. in generai, high rnolecular-weight, low-solubility organic compounds 
have higher HSA so that the presence of CO-solvents will influence the 
effective solubility of low-solubility compounds to a greater degree than high- 
solubility organic compounds. 
The theoretical relationship shown in equation 2-23 has been validated 
experimentally by Nkedi-Kizza et al. (1985) for anthracene in rnethanol-water 
and acetone-water systems. The results of theoretical calculations for TCE, 
1,2,4-trichlorobenzene (124-TCBz) and pyrene in a methanol-water system are 
shown in Figure 2-64. The results of calculatio~ for TCE, 124-TCBz and 
pyrene in an acetone-water system are shown in Figure 2-65. TSA values 
used for TCE, 124-TCBz and pytene were 1.1 nm2, 1.6 nm2 and 2.12 nm2, 
respectively. Values for the difference in interfacial energy used were 
2.36 x 10-23 kJ/nmZ for the methanol-water system, and 3.65 x 10-23 k~/nxn2 
for the acetone-water system. The value of Boltzman's Constant was 
1.38 x 10.26 kJ/K, and the temperature was 293 K. 
The resuits of these calculations indicate that a methanol concentration 
of at least 40,000 mg/L is requked to increase the effective solubiüty of pyrene 
by a factor of 2 times. The increase in effective solubility for TCE is a factor of 
1.5 times at the same methanol concentration. Acetone has a slightly greater 
influence on effective solubility. An acetone concentration of 30,000 mg/L is 
required to increase the effective solubility of pyrene by a factor of 2 times. 
The increase in effective solubility of most organic compounds will be less 
than about 30% for CO-solvent concentrations of 10,000 mg/L, or lower. 
Surfactants are a particular dass of organic diemicals which have the 
potential to increase the solubility of other organic compounds to a much 
greater degree than miscible CO-solvents. Surfactants are used widely in 
industry for deaning and in commercial applications for deaning, in food 
products and in pharmaceutical products. 
Surfactants are molecules which have two distinct structurai 
characteristics One end of the surfactant molecule has an affinity for water 
(hydrophilic), while the other end has an affinity for other organic 
compounds (lipophilic, or conversely, hydrophobic). The hydrophobic ends 
of surfactant molecules are comprised commonly of long hydrocarbon chahs, 
or tails. Surfactants may be cationic, anionic or nonionic in character when 
dissolved in water. 
Surfactants are highly soluble in water, commonly thousands of 
miiligrams per litre, or greater. When disdved in water at low 
concentrations, surfactants have only a srnaLi effect on increasing the 
solubiiity of other organic compounds. At low concentratiow, surfactant 
molecules are present as individual monomers. At higher concentrations, 
the surfactant molecules begin to form dusters, or aggregates, referred to as 
micelies. Within the micelles, the hydrophobic tails of the surfactant 
molecules are arranged to point to the centre of the micelle, thus forming a 
pseudophase of hydrocarbon liquid at the centre of the micelle. The 
hydrophobic core of the micelles provides the site within which other organic 
compounds can partition, or sorb, from the water. If the degree of 
partitioning of the organic compound into the micelle is appreciable, the total 
concentration of the organic in the water may exceed the solubility of the 
compound because of the additional chemical mass held within the micelles. 
The effect of surfactants on the solubility of organics wiU be greatest for 
those organic compounds that partition strongly into other hydrophobic 
organics. The octanol-water partition coefficient (K,,), which has been 
measured for most organic compounds, provides a rneasure of a compound's 
tendency to partition into hydrophobic organic liquid or solid phase. The 
higher the K,, the greater the partitioning of an organic compound from 
water into a hydrophobic organic phase. The K,, of an organic compound is 
correlated inversely its solubility in water. Compounds with high K,, have a 
low soiubility- As a result, organic compounds with a low solubility in water 
WU be ùifluenced more by the presence of surfactants than organic 
compounds with a high solubility. 
The surfactant concentrations at which micelles begin to form is 
referred to as the critical micelle concentration, or CMC. The CMC for 
different surfactants may range from a few müügrams per litre to more than a 
hundred thousand milligrams per litre. For a specific surfactant, CMC wiii 
also vary with temperature, pH and general water chemistry. 
The effect of surfactants on the solubility of important groundwater 
contarninants have been studied by various investigators. The typical effect 
of surfactant concentrations on con taminant solubility is shown for the 
surfactant, s o d i u m  dodecyl sulfate, on 1,2,3-trichlorobenzene (123-TCBz) in 
Figure 2-66. In this example, for surfactant concentrations less than the CMC, 
there is ody a slight increase in 123-TCBz solubility with increasing surfactant 
concentration. However, at concentrations greater than the CMC, there is a 
substantial increase in 123-TCBz solubiüty with further inaeases in surfactant 
concentration. The dope of this portion of the m e  is referred to as the 
molar solubilization ratio, or MSR. Specific MSR values can be detennined 
experimentally for different organic compounds in the presence of different 
surfactants. 
With knowledge of the CMC of a surfactant, and the MSR for a organic 
compound-surfactant combination, the potential inaease in solubility of the 
organic compounds can be estùnated by (Edwards et al., 1991): 
C = 5 + MSR - CMC) [2-241 
where : 
C is the aqueous concentration of the organic compound 
S is the solubility of the organic compound 
MSR is the molar solubiliza tion ratio 
C M  is the concentration of surfactant 
CMC is the critical micelle concentration for the surfactant 
AI1 concentrations in mol/L 
This relationship was used to illustrate the effect of surfactant 
concentrations on the solubility of several common groundwater 
contaminants. Measured values for MSR and CMC were used in these 
calculations. 
Figure 2-67 shows the increase in solubility for 1,2-dichioroethylene 
(12-DCE), trichloroethylene (TCE) and tetrachloroethylene (PCE) in the 
presence of two different surfactants. CMC and MSR values were taken from 
Shiau et al. (1994). Of these three compounds, 12-DCE has the highest 
solubility and is affected the least by the surfactant. Surfactant concentrations 
much greater than the CMC are necessary to inaease the solubility of 12-DCE 
and TCE by a factor of 2 times. In contrast, lower surfactant concentrations are 
necessary to inaease the solubility of PCE by a factor of 2 tirnes. 
Figure 2-68 shows the increase in solubility for naphthalene, 
phenanthrene and pyrene in the presence of four different surfactants. CMC 
and MSR values were taken from Edwards et al. (1991). Of these three 
compounds, naphthalene has the highest solubility and is affected least by the 
surfactant. Lower surfactant concentrations are necessary to cause a 
substantial increase in the solubility of phenanthrene and pyrene. 
Figure 2-69 shows the increase in solubility for 1,W-trichorobenzene 
(123-TCBz) and the pestiade, DDT, in the presence of six different surfactants. 
CMC and MSR values were taken from Kile and Chiou (1989). Of these two 
compounds, DDT has a very low solubility and very substantial increases in 
solubility are caused by surfactant concentrations above the CMC. 
Of the surfactant compounds Uustrated in the preceding figures, the 
MSR (slope of the lines) is generally greater for surfactants having lower CMC 
values. As a result, the surfactants most likely to inaease the solubility of 
groundwater contaminants are those with the lowest CMC. Rosen (1989) 
compiied CMC values for 125 common surfactants at a temperature of 15°C to 
25OC. These data are sumrnarized in Figure 2-70. The median CMC value is 
about 600 mg/L, but the CMC values span a range from 1 mg/L to greater than 
100,000 mg/L. In the context of groundwater contamination, there are few 
circumstances where the concentrations of surfactants could be expeded to 
occur in hundreds or thousands of f i g r a m s  per iitre. 
However, of the 125 surfactants considered by Milton, 10% had CMC 
values ranging from 1 mg/L to 10 mg/L and 30% had CMC values ranging 
from 1 mg/L to 100 mg/L. Surfactants released with other organic chernicals 
to landfilis, lagoons or sewer systerns could have surfactant concentrations in 
this range. If certain types of surfactants occur in groundwater at these 
concentrations, the solubility of nonnaily low-solubility organic compounds 
could be increased. 
The presence of dissolved organic matter in groundwater rnay also 
increase the solubility of organic contaminants. Dissolved organic matter in 
groundwater rnay indude dissolved humic substances and other natural 
material. Comparable high molecular weight organic compounds rnay be 
assoaated also with sewage and industrial wastewater discharges and landfill 
leachate. Specific organic contaminants rnay associate or partition with s u c h  
organic macromolecules in much the same manner as they rnay partition 
into surfactant micelles. If the macromolecules occur at sufficient 
concentration in groundwater, the solubility of organic contaminants rnay be 
increased. 
Based on the relationships developed by Enfield et al. (1989), it is 
possible to estimate the increase in solubility of a specific organic contaminant 
in the presence of dissolved organic matter by: 
C DOM fDOM CDOM - = [l + Kp 
5 OC 1 
and 
log K;OM = -0.923 log5 + 3.294 
where : 
C - is the aqueous concentration relative tu the solubility of the organic compound 
5 
K is the water -dissolved organic rnatter partition coefficent 
f :OM is the fraction organic carbon in the dissolved organic m a m  
C is the concentration of dissolved organic matter 
5 is the solubil i~ of the organic compound in mg/L 
These relationships were used to calculate the increase in solubility for 
organic contaminants for a speofied dissolved organic matter concentration. 
The results of these calcuiatiom are s h o w  in Figure 2-71. These calcuiations 
indicate that the solubility of organic contaminants such as chlorinated 
solvents and BTEX compounds with normaliy high solubility (Le. >IO0 mg/L) 
wiil not be increased signihcantly by the presence of even high concentrations 
of dissolved organic matter. The solubility of contaminants havùig nonnally 
moderate solubility (Le. 1 mg/L to 100 mg/L) wiil be inaeased only by the 
presence of dissolved organic matter at concentrations of several thousand 
milligrams per litre or higher. The solubility of contamuiants having 
normally low solubility (cl mg/L) may be inaeased signihcantly for 
dissolved organic matter concentrations above several tens of milligrams per 
litre. 
Based on the data, calculations and discussion in the preceding section, 
the following specific conclusions are made: 
re tv bv Raoult's Law 
For NAPL mixtures comprised of stnicturaily similar compounds, 
such as the mixtures of chlorinated solvents considered by Broholm 
and Feenstra (1995) and the mixtures of chlorinated benzenes 
considered b y Banerjee (1984), effective solubilities predicted b y 
Raoult's Law should deviate from measured concentrations by only 
10% to 30%, or less. 
For NAPL comprised of stnicturdy dissimilar compounds such as 
mixtures of aliphatics and aromatic hydrocarbons, such as the 
mixtures considered by Leinonen and Mackay (1973) and Burris and 
Madntyre (1986a, 1986b, 1986c), effective solubilities predicted by 
Raoult's Law should deviate from measured concentrations by only 
î5% to 50%' or less. 
For gasoline, effective solubilities predicted by Raoult's Law deviate 
kom measured concentrations by only 20% to 40%, or l e s  This is 
comparable to many simple NAPL mixtures. 
For diesel fuel, effective solubilities predicted by Raoult's Law 
deviate from measured concentrations by 40% to 70%, or less. 
The potential error in effective solubility values predicted by 
Raoult's Law is comparable to, or smder than the uncertainty 
assouated with the chemical anaiysis of groundwater samples. The 
uncertainty in chemical analyses from commercial laboratories 
ranges typically kom k30°h to MO% for the organic contaminants 
found comrnonly in groundwater (see Table 2-26). 
For coal tar and aeosote NAPL' effective solubilities predicted by 
Raoult's Law deviate from measured concentrations by 40% to 80% 
for most compounds in most samples. However, for low solubility 
components in some samples, predicted effective solubilities may 
deviate from measured values by factors up to 12 times. As a result, 
Raoult's Law should be used with caution for complex NAPL 
mixtures sirnilar to coal tar and creosote. 
Calculation of effective solubility using Raoult's Law is most 
accurate when based on mole fkaction However, use of weight 
fraction or volume fraction will deaease accuracy oniy slightly. 
Calculations of effective solubility using Raoult's Law must utilize 
the supercooled liquid solubility values for compounds that are 
solids in their pure form at ambient temperature. 
Calculations of effective solubility using Raoult's Law are not 
applicable if the NAPL is a heterogeneous mixture of Iiquid and 
solids. 
Predictio N of effective solubility using activity coefficients 
caldated by -AC are not substantially more accurate than 
Raoult's Law predictions for most simple or complex NAPL 
mixtures. The only exception appears to be relatively simple 
mixtures of structuraily dissimüar compounds. For the mixtures of 
aliphatic and aromatic hydrocarbow tested by Burris and Madntyre 
(1986a, 1986b and 1986c), the deviation from measured values of 
effective solubility exhibited by the UNIFAC predictions was about 
half that of the Raoult's Law predictions. 
Over the temperature range of O°C to 2S°C, the solubility of the 
majority of organic compounds varies by 20% to 30% or Less. The 
solubility of some compounds increases with increasing 
temperature while the solubility of other compounds deaeases. 
The solubility of ionic organic compounds may vary significantly 
with pH for compounds having pKa values ranging from 5 to 8, the 
normal range of groundwater pH. Such compounds indude most 
chlorophenols and nitrophenols. The solubility of these 
compounds will be higher at higher pH. 
The solubüity of organic compounds WU be reduced by very high 
concentrations of dissolved salts. The reduction in solubility will be 
only about 10% to 40% for most organic compounds at dissolved 
salt concentrations equivalent to those in seawa ter (i.e. 
35,000 mg/L). 
The solubility of organic compounds will be increased by the 
presence of very high concentrations of misable CO-solvents uch as 
acetone or methanol. The increase in solubility will be greater than 
about 30% only for cosolvent concentrations greater than 
10,000 mg/L. 
The solubility of organic compounds will be increased by the 
presence of surfactants. The increase in solubility will be greatest for 
organic compounds with normaiiy low solubility. The increase in 
solubiiity WU depend also on the nature of the surfactant. 
Many common industrial and commercial surfactants at 
concentrations of several tens of rnilligrams per litre may increase 
the solubility of organic contaminants by a factor of two times, or 
more. 
The solubility of organic compounds wiii be inaeased by high 
concentrations of dissolved organic matter. The inaease in 
solubility wili be greatest foi organic compounds with normaily low 
solubility . 
For normaliy moderate-solubility contaminants, dissolved organic 
matter at concentrations of several thousand rnilligrams per litre 
may inaease their solubility by a factor of two times, or more. 
For normaily low-solubility contaminants, dissolved organic matter 
at concentrations of several hundred milligrams per litre may 
increase their solubility by a factor of two times, or more. 
In summary, Raoult's Law is the most reliable method for the 
prediction of effective solubility of organic contaminants derived hom the 
dissolution of mdti-component NAPL, in the majority of arcumstances in 
groundwater. However, it must be recognized that Raoult's Law wiil not be 
directly applicable in the following circumstances: 
- NAPL is a heterogeneous mixture of liquid and solids. This might 
be the case for weathered NAPL in which very low solubility 
compounds have crystallized due to the ioss of more volatile or 
soluble components. 
- Contaminants are ionic compounds with pKa ranging from 5 to 8. 
This would indude most chiorophenols and nitrophenols. 
- Groundwater is a brine having a salinity exceeding about 
35,000 mg/L. This might be the case for NAPL released to deep 
sedimentary basins via deep well injection or NAPL associated with 
some liquid industrial discharges. 
- Groundwater contains misable CO-solvents uch as acetone or 
methanol at  concentrations exceeding 10,000 mg/L. This may be the 
case in some indushial waste disposal 1andfïiIs or lagoons. 
- Groundwater contains surfactants at concentrations exceeding tens 
to hundreds of milligrams per litre. This may be the case in some 
industrial waste disposal landfiiis or lagoons. 
- Groundwater contains dissolved organic matter at concentrations 
exceeding several hundred to several thousand milligrams per Litre. 
This may be the case at some domestic waste or industrial waste 
landfills or lagoons. 
Table 2-1. Solubility of water in sdected liquid organic compounds. 
Data from Horvath (1982). 





Mole Fraction of Water 





























Table 2-2. Solidphase solubiiity and supercooled liquid solubility 
values for selected PAH compounds. Melting point and 
solid-phase solubiiity data from Miller et ai. (1985). 
Supercooled liquid solubility calculated using equation 2-14. 
Melting Pt. Melting Pt. 
( O c )  (KI 
Na phtha lene 80 353 
2-Methylnaphthalene 35 308 
Acenaphthene 96 369 




Fluoranthene 11 1 384 
Benzo(a)f luorene 187 460 
Chrysene 255 528 
Benz(a)anthracene 1 60 433 
Benz(b)fluoranthene 357 630 
Perylene 277 550 
Benzo(a)pyrene 179 452 
Solu bility Solu bility (mglL) 
Table 2-3. Pure-phase solubility of chlorinated solvents at 23OC to 24OC 
determined by Brohokn and Feenstra (1995). 










Table 2-4. Deviation of aqueous concentrations predicted by Raoult's Law from measured aqueous concentrations 
for laboratory experiments of Broholm and Feenstra (1995). 
ûverall Average 7.0 9.0 
-- ~p .- 
Key: 
TCE - Trichloroeihylene PCM - Carbon Tetrachloride PCE - Tetrachlormthylene 
TCM - Chlaroform TCA - 1,1,1 -Trichloroethane 
Ckvia tions colculated as j(Measud-Predicted)/Measured) x 100 
Average Deviation - Avera~e of abdute deviations for all the sùmples tested in eoch system. 
Maximum Devin tion - Largest devia (ion determineci for an individual sam ple. 
File:Broholrn Deviation from IdeallSheetî 
Table 2-5. Pure-phase solubility of chiorinated benzenes at 25°C 
determined by Banerjee (1984). 
NR - Data not reported. 
Campound 
Chlorobenzene (CBz) 
1,3-Dichlorobenzene (1 3-DCBz) 
1,2,4,5-Tetrachlorobenzene 
(1 245-TeCBz) 
























Table 2-7. Pure-phase solubility of selected hydrocarbons at 20°C 
determined by Burris and Madntyre (1986b). 
. Compound 
1 EWl Bemene 1 181 
Solubility (mq/L) 




Table 2-8. Deviation of aqueous concentrations predicted by Raoult's Law from the measured aqueous 
concentrations for the kbora tory experirnen ts by Leinonen and Mach y (1973). 
I Averages 29.8 30,s 31.0 
Key: 
BI. - Benzene 
2-M13ent - 2-Methyl Pentane 
Deviations calculateci as ((Measud-Predicted)/Measured) x 100 
Average Deviation - Average of absolute deviations for al1 the samples tested in each system. 
Mn~imum Oeviatian - Largvst deviation determineci for an individual sample, 
Y 
System 
Bz - 2-MPent 































Table 2-9. Drviation of agueous concentrations predicted by Raoult's Law from the measured aquenus 
concentrations fmm the laboratory experiments by Burris and Madntyre. 
1 Averages 20.9 22,O 22,9 1 
System 
Octane - 1-MNaph 
Teiralin- MCH 
EBz - n-Oct 
foiir-Component Minture 
Simulated JP-4 fuel 
Key: 
ci-ûct - n-Octane MCH - Melhylcyclohcxme 
1-MNaph - 1-Methyl Naphthdene EBz . Ethyl Benzcnc 
ihviations calculakd as [(Mesud-Pdicted)/Measured J x 100 
Avcrage ücvlation - Average d absolute deviaîions for al! the samplcs tcst~d In each system, 
Maximum Deviation - bigest deviaîion detcrmined for an indlvidual sample. 
File:Burrls Deviation from IdeallSheetl 
Reference 
Burris and Maclntyre (l986a) 
Burrls and Maclntyre (1986a) 
Burris and Maclntyre (1986a) 
Burris and Maclntyre (1986b) 


















































































Table 2-10. Deviation of aqueous concentrations predicted by Raodt's 
Law from measured aqueous concentrations for laboratory 
experiments on gasoline. 
Systern 
PS4  Gasoline 







Mole FracaraCam TRC (1985) 
Weight Fraction TRC (1 985) 
Volume Fraction TRC (1985) 
PS-6 Gasoline 
(6 components) 
Mole Fraction Poulsen et al. 
(1 992) 
Poulsen et al. 
(1 992) 
Weight Fraction 
Volume Fraction Poulsen et al. 
f i  992) 
Average of 31 Gasolines 
(8 components) 
Mole Fraction 
Weight Fraction C h e  et al. 
[1991) 
Volume Fraction Cline et al. 
j1991) i 
Key: 
Deviations calculated as [(Measured-Predicted)/Measured] x 100 
Average Deviation - Average of absoiute deviations for al1 the components testeci in each 
sys tem. 
Maximum Deviation - Largest deviation determineci for an individual component. 
Table 2-1 1. Deviation of aqueous concentrations predicted by Raoult's 
Law from measured aqueous concentrations for laboratorv 
experiments on diesel hiels. 
System 









Diesel Fuel #2 














Diesel Fuel #3 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
57.7% 








Mations  calculated as [(Measured-Predicted)/Measured] x 100 





Maximum Deviation - Largest deviation determined for an individual component. 













Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
-95.6% 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Tabie 2-12. Deviation of aqueous concentrations predicted by Raoult's 
Law from measured aqueous concentrations for iaboratorv 
experiments on aeosote and coal tars. 
System 
Avetaae 1 Maximum Ptediaed 
based on: Reference ~eviation 1 Deviation 
Creosote Mole Fraction Riddle and 
MacQuame (1 994) 
Weight Fraction Priddle and 
MacQwnie (1 994) 
Volume Fraction Riddk and 
MacQuanie (1 994) 




Lee et al. (1992b) 
Lee et al. (1992b) 
- 
Goal Tar #4 
- 
Lee et al. (1 W b )  
Weight Fraction 
Volume Fraction 
Lee et al. (1992b) 
Lee et al. (1 W b )  
Coal Tar #5 Mole Fraction 
Weight Fraction 
Lee et al. (1992b) 
Lee et al. (1 W b )  
Volume Fraction Lee et al. (1 W b )  
Key: 
Deviations calculateci as [(Measured-Predicted)/Measured] x 100 
Average Deviation - Average of absolute deviatiow for d i  the components tested in each 
system. 
Maximum Deviation - Largest deviation deterrnined for an individual component. 
Table 2-13. Example of the uncertainty imparted to the calculated 
effective solubilities of the characterized components of 
NAPL for different values of the molecular mass of the UC 
(uncharacterized) portion NAPL sample is from the Tyson's 




















, Ethyl benzene 

























































































Table 2-14. Deviation in aqueous concentrations predicted by Raoult's Law and UNIPAC 
from measured aqueous concentrations for labotatory experiments of Brohoim and Feenstra (1995). 
Svstem I Comment I Predicted bv Raoult's Law I Predicted bv UNIFAC , 
I 
1 
1 Average 1 Maximum 1 Average 1 Maximum 
Averages 7.0 13.3 
TCE - TCM 
TC€ - PCM 
TCE - TCA 
TCE - PCE 
PCE - TCM 
1 
PCE - 
PCE - TCA 
TCM- TCE - PCf 
- - -  
Key: 
TCE - Trichloroethylme PCM - Carbon Tetrachloride ITE - Tetrachloroethylme 
TCM - Chlomform TC A - l,l,l-Trichlorcwthane 
Deviations ca1culcltQd ns [(Measud-Prdictd)/Measured] x 1 0  
Average Deviation - Average of absolute deviations for al1 the samples test4 in each system. 
Maximum Deviation - Largest deviation determined for an individiiûl sample. 


























































































Table 2-15. Deviation of aqueous concentrations predicted by Raoult's Law and UNIPAC from 
measured aqueous concentrations for hboratory experiments of Banerjee (1984). 










CBz - Chlotobenzene 124-TCBz - 1,2,4-Trichlorobenzene 
13-DCHz - 13-Dichlorobenzene 
kviations c;ilculated as ((Measureâ-Predic ted)/Measured] x 100 
Average Deviation - Average of absolute deviations for al1 the samples tested in each system, 
Maximum Deviation - Largest deviation determined for an individual sample. 
File:UNIFAC Banerjee Deviat ionlSheet 1 





































Table 2-16. Deviation of aqueous concentrations predicted by Raoult's Law and UNIPAC from 
the measured aqueous concentrations for the laboratory experiments by Leinonen and Mackay (1973). 
1 Aver aaes 24.7 19 5 1 
I 
System 
Bz - 2-MPent 
Key: 
BI. - Benzene 
2-Ml'ent - 2-Methyl Pentane 
ûeviatians calculated as ((Measured-Predicted)/Measuredj x 100 
Average kviation - Average of absolute deviations for al1 the samples tested in each system. 
Maximum Deviation - Largest deviation determined for an individual wmple. 






















Table 2-17. lkviation of aqueous concentrations predicted by Raoult's Law and UNIPAC from the measured 
aqueous concentrations from the laboratory experirnents by Burris and Maclntyre. 
1 Averaqes 1 1 20.9 10.9 1 
System 
n-Od - 1-MNaph 
Tetralin- MCH 
1 
€02 - wOct 
Four-Component Mixture 
Simulated JP-4 Fuel 
Key: 
n-Oct - n-Octane MCH - Methylcyclohexane 
1-MNaph - 1-Methyl Naphthalene EBz - Ethyl Benmne 
Deviations calculateci as [(Measured-Predicted)/Measured x 100 
Average Dwiation - Average of absolute deviations for al1 the samples tested in each system. 
Maximum Dpviation - Largest deviation deterrnined for an individual sample. 
File:UNIFAC Burris DeviationlSheetl 
Re ference 
Burris and Maclntyre (1 986a) 
Burris and Maclntyre (1986a) 
Burris and Maclntyre (1986a) 
Bunis and Maclntyre (1 986b) 



























































Table 2-18. Deviation of aqueous concentrations predicted by Raouit's 
Law and UNIFAC from measured aqueous concentrations for 
laboratory experiments on gasohes. 
System 
P S b  Gasoline 
(1 2 cornponents) 
P S 4  Gasoline 
(6 components) 

















41 -2% / et al. 
20.5% 
UNIFAC 
Deviations calculated as [(Measured-Predicted)/Measured] x 100 
Average Deviation - Average of absolute deviations for al1 the components tested in each 
system. 
Maximum Deviation - Largest deviation determineci for an individual component 
18.3% 
67.2% 
36.1 % / al. 
18.8% 
Poulsen et al. 
(1 992) 
33.9% Cline et al. 
(1 991) 
Table 2-19. Deviation of aqueous concentrations predicted b y Raoult's 
Law and UNIFAC from measured aqueous concentrations for 
laboratory experiments on diesel fuels. 
Key: 
Deviations calculateci as [(Measured-Predicted)/Measured) x 100 
System 
Diesel Fuel #1 
Diesel Fuel #2 
Diesel Fuel #3 
Diesel Fuel #4 
UNIFAC 










Maximum Deviation - Largest deviation determineci for an individual component. 
Rcfcrence 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 
Lee et al. 
(1 992a) 























Table 2-20- Deviation of aqueous concentrations predicted by Raoult's 
Law and UNIFAC from measured aqueous concentrations for 























MacQuame (1 994) 
305% 
Mole Fraction 
Coal Tar #5 
Key: 
Deviations calculateci as [(Measured-Predicted)/Measurea x 100 
Pn'ddk and 




Average Deviation - Average of absolute deviations for al1 the components tested in eadi 
System. 
Maximum Deviation - Largest deviation determineci for an individual component 
850°r6 
Lee et al. (1992b) 
64.2% 
Mole Fraction 




Lee et al. (1992b) 
59.1 % 
Lee et al. (1992b) 
260% 
275% 
Lee et al. (1992b) 
Lee et al. (1992b) 
90 
Table 2-21. Purephase solubility values of seiected organic compounds 
at 0°C and 2S°C. 
Toluene 1 724 1 573 
Compound 
Polak and Lu (1973) 
Polak and Lu (1973) 
Pdak and Cu (1973) 
Polak and Lu (1 9ï3) 
Honrath (1982) 
H m t h  (1982) 
Hwath (1 982) 
Hwath (1982) 










Trich loroethy lene 
Tetrachloroethvlene 
Honrath (1 982) 
Solubility at 25°C 
(ma/L) 
Hwath (1 982) 
Honrath (1 982) 
Horvath (1982) 





















Table 2-22. Organics acid and bases which can be important groundwater 
contaminants. 
. Compound 
, ORGANIC AClOS 
. Phenol 
2-Methyl Phenol 















Dean (1 985) 
Dean (1985) 
Dean (1985) 
Dean (1 985) 
Dean (1 985) 
Dean (1 985) 
9.43 
3,4-Dichlorophenol 
2,4,6-Trichlorophenol 5.99 1 Dean (1985) 
I 









Pentachlorophenol 1 4.74 Dean (t 985) 





Dean (1 985) 
Dean (1 985) 
- 















Dean (1 985) 
Dean (1 985) 





Perrin (1 972) 
Penin (1 972) 
Perrin (1 972) 
Perrin (1 972) 
Table 2-23. Cornparison of solubility of various organic compounds in 
distilled water and seawater at 2S°C. 












































Table 2-24. Salting Constants for various organic compounds in seawater 
and sodium chloride solutions. 
Data hom Schwarzenbach et ai. (1992). 








Anthracene 1 0.26, 0.35 
Phenanthrene 
Pyrene 1 03 1, 0.32 
0.25, 0.23 
Salting Constant (Umole) 
Chrysene 
for Sodium Chloride Solutions 
- 
1 










, Carbon Tetrachloride 
, 1,2-Dichloroethane 






























Yalkowslcy and Vahrani (1979) 
Yalkawskv and Vahrani (1979) 
Yalkowskv and Valvani (1 979) 
Yalkowsky and Valvani (1 979) 
Madcay et al. (1982) 
Mackay et al. (1 982) 
Mackay et  al. (1982) 
Yalkowsky and Valvani (1 979) 
Yalkowsky and Valvani (1 979) 
Okouchi et al. (1 992) 
Okouchi et al. (1 992) 
Yalkowsky and Valvani (1 979) 
Yalkowsky and Valvani (1 979) - 
Yalkowsky and Valvani (1 979) 
Yalkowsky and Valvani (1 979) . 
Yalkowsky and Valvani (1 979) , 
Yalkowskv and Valvani (1 979) 
Yalkowsky and Valvani (1 979) 
. 
Table 2-26. Examples of the uncertainty assoâated with the chernical 
analysis of organic contamuiants in groundwater by 
commercial anaiytical laboratories- 





Carbon Tetrachloride 70-  140 42 - 158 
1 ,1,1 -TrichIomethane 52 - 162 62 - 138 - 
1 Tetrachloroethy lene 1 64 - 148 1 53 - 147 l 
Acceptable Range (%) 
for lab Spikes [1] 
US €PA Methods 
6241625 
37 - 151 
47 - 150 
37 - 162 
Acenaphthylene 33 - 145 - 69 - 150 
Acceptable Range (96) 
for QC Samples (21 




[l] Acceptable range, expressed as a percent, in rneasured concentration for Iaboratory spiked 
samples. Data from United States Federal Register 40 CFR Part 136- 
- -- 
Acceptable Range (%) 
for QC Samples [3] 






[2] [3] Acceptable range, expressed as a percent, in measured concentration for blind spiked 
sarnples tested for the laboratory certification program of the New York State Department of 
Health (NYS DOH). 
20 - 124 




25 - 147 
Ratio of Supercooled Liquid Solubility: Solid-phase Solubility 
25 50 75 100 125 150 175 200 225 250 275 300 
Mefting Point (OC) 
Figure 2-1. Relationship between supercooled liquid solubility and 
solid-phase solubility versus melting point. 
Calculated from equation 2-13. 
File:Supercooled Liquid Calcs!Sheetl 
i-- p T E  - TcM Mixtures 
O 200 400 600 800 1.000 1,200 1,400 
Measured TCE Conc (mgil) 
1 Ta - TCM Mixtum 
O 1,oOO 2,000 3,000 4.000 5 . a  6,000 7,000 8.000 9.000 
Measured TCM COK. (mgR) 
Key: 
TCE - TrichiotoethyIene 
TCM -chloroform 
WF - Concentrations calculateci by R d t ' s  Law using weight fraction in NAPL 
MF - Concentrations calculateci by Raault's Law usuig mole fraction in NAPL 
VF - Concentrations caicuiated by Raoult's Law using volume fraction in N M L .  
Figure 2-2. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculateci by Raoult's Law 
for trichloroethyene - chloroforrn mixtures. 
Data from Broholm and Feenstra (1995). 
TCE - PCM Matures 
O 200 400 600 800 1.000 1.200 1.m 
Measured TCE Conc (rngk) 
I TCE - PCM Mixtures 
O 100 200 300 400 500 600 700 800 
Measured PCM Conc  ( m m  
Key: 
TCE - TrichioroethyIene 
PCM - Carban Tehadiloride 
WF - Concentrations calculateci by Raoults Law ushg weight hction m NAPL 
MF - Concentrations calculated by Raoultk Law ushg mole fiaction in NAPL 
VF - Concentrations calculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-3. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
for trichloroethyene - carbon tetradiloride mixtures. 
Data from Broholm and Feenstra (1995). 
File:BroMm TCE PCM Gara 'Shec-t* 
TCE - K A  Mixtures 
l O 200 400 600 800 1.m 1,200 1,400 
Measured TCE Conc (mgR) 
r 
T E  - TCA Mixtures I 
i O 200 400 600 800 1,000 1,200 1 
I Measuied TCA Conc (mgil) 
Key: 
TCE - Trichloroethylene 
TCA - l,l,l-Trichloroethane 
W F  -Concentrations caiculated by Raoult's Law using weight fraction in NAPL 
MF - Concentrations calculateci by Raoult's Law using mole fraction in NAPL 
VF - Concentrations calcuiated by Raoult's Law ushg volume fraction in NAPL. 
Figure 24. Cornparison of measured aqueour concentrations to 
aqueous concentrations calculated by Raoult's Law 
for tridiloroethyene - 1 ,l ,l -trichioroethane mixtures. 
Data from Broholm and Feenstra (1995). 
TCE +CE M i  
T E  PCE Mixtures 1 
! 
Measured PCE Conc (mgA) 
Key: 
TCE - T richloroethyIene 
PCE - Tetrachlotoeth ylene 
W F  -Concentrations calculateci by Raouit's Law using weight fraction in NAPL 
MF -Concentrations caiculated by Raoult's Law usïng mole fraction in NAPL 
VF - Concentrations caldateci by Raou1t.s Law using volume fraction in NAPL 
Figure 2-5. Cornparison of measured aqueous concentrations to 
aqueous concentrations calcula ted by Raoult's Law 
for triàiloroethyene - tetrachloroethylene mixtures. 
Da ta from Broholrn and Feenstra (1995). 
- 
PCE - TCM M m  
O 50 100 150 200 250 
Measud PCE Conc (mgt) 
PCE - TCM Mixtures 
O 1.000 2,000 3.000 4,000 5,000 6,000 7.000 8,000 9,WI 
Measured TCM Conc (mgR) 
Key: 
PCE - Tetrachioroethylene 
'K1M - Chloroform 
WF - Concentrations calculateci by Raoult's Law using wèght &action m NAPL 
MF -Concentrations caicuiated by Raoult's Law using mole fiaction in NAPL. 
VF - Concentrations calculated by Raoulr's Law using volume hct ion in NAFL. 
Figure 2-6. Cornparison of measured aqueous concentrations to 
aqueous concentrations caicuiated by Raoult's Law 
for tetrachioroethyene - chiorofonn mixtures. 
Data from Brohoim and Feenstra (1995). 
I PCE - PCM Mimires 
O 50 100 150 ZOO 250 
Measured PCE Conc (mgn) 
PCE - ?CM Mixtures 
O 100 200 300 400 500 600 700 800 
Measured PCM Conc (mm) 
Key: 
PCE - Tetradiloroethylene 
PCM - Carbon Tetrachloride 
WF - Concentrations calculated by Radt's Law using weight fraction in NAPL. 
MF - Concentrations calculateci by Raoult's Law using mole fraction in NAPL 
W - Concentrations calculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-7. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raouit's Law 
for tetrachioroethyene - carbon tetrachloride mixtures. 
Data from Broholm and Feenstra (1995). 
2-8a 
PCE - TCA Mimnes 
50 100 150 200 250 
Measured PCE Conc (mg&) 
PCE - TCA Mixtures 1 
O 200 400 600 800 1.m 13m 
Measured TCA Conc (mgR) i 
I 
Key. 
PCE - Tetrachioroeth yiene 
TCA - l,l,l-Trichiomthane 
W F  - Concentrations calculated by Raoult's Law ushg weïght fraction in NAPL 
MF - Concentrations dcuiated by Raoult's Law using mole fraction in NAPL 
VF - Concentrations calculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-8. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
for tetrachioroethyene - l,l,l-trichloroethane mixtures. 
Data from Broholm and Feenstra (1995). 
File:Broholm KE-TCA DataiSheetl 
Key: 
TCM - Chlorofocm PCE - Tetraehlorœ&ylene 
TCE - Trichlomethylene 
W F  - Cmcaïtrarians aicuiated by Raoult's Law using weight fcacüon in KAPL 
MF -Concentrations alculabed by RaouIt's Law using mole ftactian in NAPL 
VF - C a i c a i t r ~ t i c m s  alculated by Raoult's Law using volume hcüm in NAPL 
Figure 2-9. Cornparison of measured aqueous concentrations 
to aqueous concentrations calculated by Raoult's 
Law for chloroform - trichloroethyIene - 
tetrachloroethylene mixtures. 
Data from Broholm and Feenstra (1995). 
- 
100 200 300 
Measured CBz Conc (mg&) 
l 
, 
Measured 13-DCBz Conc (mgn] I 
Key: 
CBz - Chiorobenzene 
13-DCBz - 1,SDichlorobenzene 
W F  -Concentrations caldateci by Raoult's Law using weight fraction in NAPL 
MF -Concentrations calcuIated by Raoult's Law using moIe fraction in NAPL 
VF - Concentrations calcuiated by Raoult's Law using volume fraction in NAPL. 
Figure 2-10. Cornparison of measured aqueous concentrations to 
aqueous concentrations caiculated by Raoult's Law 
for chlorobenzene - 1,3-dichlorobenzene mixtures. 
Data from Bane rjee (1984). 









O 100 200 300 400 500 
Measured CBz Conc (mgl) 
I CBz - 124-TCBz Mixtures 
I O 5 10 15 20 2 5  30 Measured 124TCBz Conc (mgR) 
Key: 
CBz - Chiorobenzene 
12CTCBz - lt,4-Trichlorobenzene 
WF - Concentrations caicuiated by Raoult's Law using weight fraction m NAPL 
MF - Concentrations calculateci by Raoult's Law using mole fraction in NAPL 
VF - Concentrations caiculated b y Raoult's Law using volume haction in NAPL. 
Figure 2-11. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
for Morobenzene - 1,2,4trichlorobenzene mixtures. 
Data from Bane jee (1984). 
Kqr. 
CBz - Chiombenzsie U4-TCBz - 12.4-Trichiorobenzene 
13--z - 13Dichlorobsrzene 
WF - Cmcentratitms alcuhted by Raoult's Law wing weight frictim in NAPL 
MF - Concentxations caicuiabd by Raoult's Law using mole fnctim in NAPL 
VF - Caiceth.t iais alculatad by RÏoult's L w  ushg vofume fiaction in NAPL 
Figure 2-12. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
for chlorobenzene - 1,3dichiorobenzene - 
1,2,4trichlorobentene mixtures. 
Data from Bane rjee (1984). 
Figure 2-13. Cornparison of measured aqueous concentrations 
to aqyeous concentrations dcuiated by Raoult's 
Law for chiorobenzene - 1,2,4,5-tetrachiorobenzene 
mixtures. 
Data from Bane rjee (1984). 
Bz - 2-MPent Mixtures 
O 2 4 6 8 10 12 14 16 8 
I 
Measured 2-MPm Conc (mgR) I 
l 
Key: 
Bz - Benzene 
2-MPait - 2-Methyl Pentane 
W F  -Concentrations caicuiated by Raoult's Law umig weight frsction in NAPL- 
MF - Concentrations caiculated by Raoult's Law using mole fraction in NAPL 
VF - Concentrations calculateci by Raoult's Law using volume hction in NAPL. 
Figure 2-1 4. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law 
for benzene - 2-methyl pentane mixtures. 
Data from Leinonen and Madcay (1973). 
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Key. 
n-Oct - netane 
1-MNaph - 1-Methyl Naphthalene 
WF - Concentrations calculatecf by Raouit's Law usïng weight fkaction in NAPL 
MF - Concentrations calculated by Raoult's Lm- using mole hction in NAPL 
VF - Concentrations caiculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-15. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
for n-octane - 1-methyl naphthalene mixtures. 
Data from Burris and Madntyre (1986a). 
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Key 
MCH - Meth ylcyclohexane 
W F  - Concentrations calcuiated by Raoult's Law using weight frsction in NAPL. 
MF -Concentrations calcuiated by Raoultk Law using mole haction in NAPL 
VF - Concentrations calculatecl by Raoult's Law using volume hction in NAPL. 
Figure 2-16. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law 
for tetraiin - methylcydohexane mixtures. 
Data from Burris and Madntyre (1986a). 
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Key: 
EBz - Ethyl b e n e  
nUct - n-Octane 
W F  - Concentrations cdculated by Raoult's Law using weight fraction in NAPL 
MF - Concentrations c a i d t e d  by Raoult's Law using mole hction in NAPL 
VF - Concentrations caiculated by Raoult's Law using volume hction in NAPL. 
Figure 2-17. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law 
for ethyl benzene - n-octane mixtures- 
Data from Burris and Madntyre (1986a). 
Compound 
Key: 
EBz - Erhyl Benzene MCH - Meth ylcydohexane 
1-MNaph - 1-Methyl Naphthalene 
WF - Concentrations caiculated by Raodt's Law using wàght fraction in NAPL. 
MF - Concentrations calculateci by Raoult's Law using mole Eraction in NAPL 
M - Concentrations calcdated by Raoult's Law using volume fraction in NAPL. 
Figure 2-18. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law for a 
Q-component hydrocarbon mixture. 
Data from Burris and Madntyre (1986b) 
Cornpound 
Key: 
Tol- Toluene 14DMNaph - l,4-Dimethyl Naphthalene 
EBz - Ethyl Benzene MCH - Merhylcydohexane 
N-ButylBz - n-Butyl Benzene n-Oct - n-Octane 
1-MNaph - I-Methyl Naphthaiene 
W F  - Concentrations calculateci by Raodt's Law umtg weight fraction in NAPL 
MF - Concentrations calcuiated by Raoult's Law usingrnole fraction in NAPL 
M - Concentrations calculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-19. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldateci by Raoult's Law for a 
simulated JP-4 jet fuel mixture. 
Data from BUmS and Madntyre (1986~) 
Compound 
Key: 
Bz - Benzene +Xyl- *XyIene 
TOI - Toluene n-But - n-Butane 
EBz - Ethyl Benzene EITMBz - 12.4-Trimethyl Beruene 
pXy1- p-Xylene 2-MBut - 2-Methyl Butane 
m-Xy1- m-Xylene n-Pent - n-Petane 
W F  -Concentrations calculateci by Raoult's Law using wtight fraction in NAPL 
MF - Concentrations calculated by Raoult3 Law using moIe fraction in NAPL 
VF - Concentrations eaiculated by Raoultk Law using volume fiaction in NAPL. 
Figure 2-20. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law for a 
PS-6 gasoline. 
Data from TRC (1985). 
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Bz - b e n e  p X y l  - p-Xylen~ 
TOI - Toluene m-Xyl - m-Xyiene 
EBz - Ethyi Benzene eXyl- ~Xylene 
WF - Concentrations caicuiated by Raoult's Law using weïght fraction m NAPL 
MF - Concaitrations calculateci by Raoult's Law using mole fraction in NAPL 
VF - Concentrations calculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-21. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raodt's Law for a 
PS-6 gasoline. 
Data from Poulsen et al. (1992)- 
Compound 
Key: 
Bz - b e n e  O-Xyl - O-Xylene 
Tol - Toluene n-PBz - n-Propyl Benzene 
EBz - Ethyl Benzene ETol - 3-Ethyl ToIuene + 4-Ethyl Toluene 
m-,pXyl - m-Xylene + p-Xylene l23TMBz - 123-Trimethyl Benzene 
WF - Concentrations calculatecl by Raoult's Law iIsing weight fraction m NAPL 
MF -Concentrations caicuiated by Raodt's Law using mole faction in NAPL. 
VF- Concentrations caicuiated by Raoult's Law using volume fraction in NAPL. 
Figure 2-22. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldateci by Raoult's Law for the 
average composition of 31 gasolines. 
Data from C h e  et al. (1991). 
FileXline 31 Gasolines OaralSheerl 
Compound 
Key. 
Naph - Naphthalene Fluor - Fluorene 
2-MNaph - 1-MethyI Naphthalene Phen - Phenanthraie 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
Acenaph - Acenaphthene Ruotanth - Fiuoranthene 
WF - Concentrations cdculated by Raoult's Law usmg weight fraction in NAPL. 
MF -Concentrations calcuiated by Raoult's Law using mole fraction in NAPL 
VF - Concentrations cdculated by Raoult's Law using volume fraction in NAPL. 
Figure 2-23. Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law for a sample of 
diesel fuel (#l). 
Data from Lee et al. (1992b). 
Compound 
Key: 
Naph - Naphthalene Fluor - Fluorene 
1-MNaph - 1-Methyl Naphthalene Phen - Phenanthrene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
Acenaph - Acenaphthene Ruoranth - Ruoranthene 
W -Concentrations calcuiteci by Raoult's Law using weight hction in NAPL 
MF - Concentrations caiculated by Raoult's Law using mole hction in NAPL. 
VF - Concentrations caicutated by Raoult's Law ushg volume Eraction in NML. 
Figure 2-24, Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law for a sample of 
diesel fuel (#2). 
Data from Lee et al. (1992b). 
File:Lee Diesel =2 DatalShetl 
Compound 
Key: 
Naph - Naphthaiene Fiuor - Fluorene 
2-MNaph - 1-Methyl Naphthaiene Phen - Phenanthrene 
2-MNaph - 2-Methyl Naphthalene Anth - An thracene 
Acenaph - Acenaphthene Fluoranth - Ruoranthene 
WF -Concentrations calculateci by Raoult's Law using weight fkaction in NAPL 
MF - Concentrations calculateci by Raoults Law using mole fiaction in NAPL 
VF - Concentrations calculated by Raoult's Law ushg volume kction in NAPL. 
Figure 2-25. Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raouit's Law for a sample of 
diesel fuel (#3). 
Data from Lee et al. (1992b). 




Naph - Naphthalene 
Acenaph - Acenaphthene 
Auor - Ruorene 
Phen+Anth - Phenanthrene + Anthracene 
Ruoranth - Ruoranthene 
Pyr - Pyrene 
W F  -Concentrations calcuiated by Raoult's Law using weight fraction in NAPL 
MF - Concentrations caiculated by Raouit3 Law using mole haction in NAPL 
VF - Concentrations calculated by Raoult's Law usrng volume fraction in NAPL 
Figure 2-27. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law for a 
sarnple of creosote. 
Data from Priddle and MacQuame (1994). 
Compound 
Key. 
Naph - Naphthalene Phen - Phenanthtene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
1-MNaph - 1-Methyl Naphthalene Fluoranth - Fluoranthare 
Acenaph - Acenaphthene Pyt - Pyrene 
Acenaphy - Acenaphth yiene B(a)anth - Benzo(a)anthracene 
Ruor - Fluorene 
W F  - Concentrations caiculated by Raoult's Law ushg weight fraction in NAPL- 
MF - Concentrations calculated by Raoult's Law uskrg mole fraction in NAPL 
VF - Concentrations calculated by Raoult's Law using volume îÏaction in NAPL- 
Figure 2-28. Cornparison of measured aqueous concentrations to aqueous 
concentrations caiculated by Raoult's Law for a sample of 
coai tar (#1). 
Data from Lee et ai. (1992a). 
File:Lee Coal Tar Data :l!Sheeti 
Compound 
Key: 
Naph - Naphthalene Phen - Phenanthene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
1-MNaph - 1-Meth y1 Naphthalene FIuoranth - Ruoranthene 
Acenaph - Acenaphthene Pyr - Pyrene 
Acenaphy - Acenaphthyiene B(a)anth - Be!nzo(a)anthracene 
Fluor - Fiuorene 
W F  - Concentrations calculateci by Raoult's Law ushg weight kaction m NAPL 
MF - Concentrations calculateci by Raoult's Law using mole haction in NAPL 
VF - Concentrations calcuiated by Raoult's k w  using volume haction in NAPL. 
Figure 2-29. Cornparison of measured aqueous concentrations to aqueous 
concentrations caiculated by Raoult's Law for a sample of 
coai tar (#4). 
Data from Lee et al. (1992a). 
File:Lee Cod Tar Data =USheetl 
Compound 
Key: 
Naph - Naphthalene Phen - Phenanthrene 
2-MNaph - 2-MethyI Naphthalene Anth - Anthracene 
1-MNaph - 1-Methyl Naphthalene Fiuoranth - Fiuoranthene 
Acenaph - Acenaphthene Pyr - Pyrene 
Acenaphy - Acenaphth ylene B(a)anth - Benzo(a)anthracene 
Fiuor - Fluorene 
Wf -Concentrations calculated by Raoult's Law using weight fraction in NAPL 
MF -Concentrations calculated by Raoult's Law using mole fraction in NAPL 
VF - Concentratians calculated by Raoult's Law using volume hction in NAPL. 
Figure 2-30. Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law for a sample of 
coal tar (#5). 
Data from Lee et al. (1992a). 
File:Lee Coal Tar Data =YShet7  
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Relative Effective Solubility 
Figure 2-31. ILlustration of the sensitivity of the calculated effective solubility to the 
assumed moledar mass 0of the uncharacterired (UC) portion of 
a mulacomponent NAPL For ratio of MM of UC portion to average 
MM of charactented portion equal to 1. 
Relative effective solubility is the ratio of the effective solubility 
calculated using the assumed MM for the UC portion to the effective 
solubility calculated using the tnie MM for the UC portion. 
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Relative Effective Solubility 
Figure 2-32. illustration of the sensitivity of the calculated effective solubüity to the 
assumed molecular mass (MM) of the uncharacterized (UC) portion of a 
multiiomponent NAPL. For ratio of MM of UC portion to average 
MM of characterized portion equal to 1.5. 
Relative effective solubility is the ratio of the effective solubility 
calculated using the assumed MM for the UC portion to the effective 
solubility calculated using the true MM for the UC potion. 
1 
Relative Effective Solubility 
Figure 2-33. Illustration of the sensitivity of the calculated effective sohbility to the 
assumed molecular mass (MM) of the uncharacterized (UC) portion of a 
multicomponent NAPL. For ratio of MM of UC portion to average 
MM of characterized portion equal to 0.5. 
Relative effective solubility is the ratio of the effective solubility 
calcdated using the assumed MM for the UC portion to the effective 
solubility caldated using the true MM for the UC portion. 
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Key: 
TCE - Trichioroethylene 
TCM - Chioroform 
RaoultS Law - Concentration caiculated by Raoult's Law using mole faction in NAPL. 
-AC - Concentration caicuiated by equation 2-11 using activity coefficients 
calculateci by UNlFAC. 
Figure 2-34. Cornparison of measwd aqueous concentrations to 
aqueous concentrations caidated b y Raoult's Law and 
UNIFAC for trichloroethylene - chioroforni mixtures. 
Data from Brohoh and Feenstra (1995). 
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Key. 
TCE - Trichloroethylene 
FCM - Carbon Tetrachionde 
Raoult's Law - Concentration calculated by Raodt's Law uàng mole fraction in NAPL 
W A C  -Concentration calcuiated by equation 2-11 using activity coefficients 
calculated by UNIFAC. 
Figure 2-35. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNlFAC for trichloroethylene - carbon tetrachioride 
mixtures. 
Data from Broholrn and Feenstra (1995). 
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K e y  
TCE - Trichloroethylene 
K A  - 1,l.l-Trichioroethane 
Raoult's Law - Concentration calculated by Raoult's Law using mole fraction in NAPL 
UNlFAC -Concentration calculated by equation 2-11 using activity coeffiaents 
calculated b y UMFAC. 
Figure 2-36. Cornparison of measured aqueous concentrations to 
aqueous concentra tiow calculated by Raoult's Law and 
UNIFAC for trichloroethylene - l,l,l-trïchloroethane 
mixtures. 
Data from Broholm and Feenstra (1995). 
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Key: 
TCE - Trichloroethylene 
PCE - Tetrachioroeth yiene 
Raoult's Law - Concentration calculateci by Raoult's Law using mole fraction m NAPL 
UMI:AC -Concentration caiculated by equation 2-11 using activity coefficients 
caiculated by UNIFAC. 
Figure 2-37. Cornparison of measured aqueous concentrations to 
aqueous concentrations caiculated by Raoult's Law and 
UNIFAC for tridiloroethylene - tetradilorwthylene 
mixtures. 
Data from Broholm and Feenstra (1995). 
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PCE - Tetra3i1oroethylare 
TCM-Chloroform 
Raoult's Law - Concentration caIculated by Raoult's Law using mole &action in NAPL 
W A C  -Concentration calcuiated by equation 2-1 1 &*-hg activity coefficients 
caldateci by W A C .  
Figure 2-38. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for tetradiloroethylene - diloroform 
mixtures. 
Data from Broholrn and Feenstra (1995). 
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Key: 
PCE - Tetrachioroethylene 
PCM - Carban Tetrachloride 
Raoult's Law - Concentration calculated by Raoult's Law usïng mole fraction m NAPL 
U'NFAC -Concentration caiculated by equation 2-11 ushg activity coefficients 
caiculated by UMFAC. 
Figure 2-39. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for tetrachïoroethylene - carbon tehachionde 
mixtures. 
Data from Broholm and Feenstra (1995). 
File: Brohdm PCE-PCM UtJlFX'Sheef! 
PCE - TCA Mirciures 
O 50 100 150 200 250 
Measund PCE Conc. (m9n) 
PCE - TCA Mixtures 
O 200 400 600 800 1,000 1,200 
Measured TC4 Conc (mg/L) 
! 
I 
O Raoult's Law ( ; 
j 
Key. 
Pa - Tetradiloroediylene 
T ' A  - l,l,l-Trichiomethane 
Raoult's Law - Concentration calcdated by Raoult's Law using mole hctîon in NAPL 
UNIFAC - Concentration caleuiated by equation 2-11 using activity coeffiaents 
calculateci by UNIFAC. 
Figure 2-40. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldateci by Raoult's Law and 
UNlFAC for tetrachloroethylene - l,l,l-trichloroethane 
mixtures. 
Data from Brohoim and Feenstra (1995). 
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Key: 
TCM - ailorofimn PCE - Tetmdrlomeaiylene 
TCE - Trichlorœthylene 
Raoult's Liw - Ccmcentrarion alculrted by Raoult's t w  using mole fraction m NAPL 
UNIFAC - Ccmcentratim calcuiabed by equatiar 2-1 1 using activity coefficients 
alculated by W A C .  
Figure 2-41. Cornparison of measured aqueous concentrations 
to aqueous concentrations calcuiated by Raoult's 
Law and WNIFAC for diloroform - tnchioroethylene - 
tetrachioroethylene mixtures. 
Data from Broholm and Feenstra (1995). 
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Key: 
CBz - Chlorobenzene 
13DCBz - l,%Dichlorobenzene 
Raouit's Law --Concentration calcuiated by Radt's  Law using mole fraction in NAPL 
UNïFAC - Concentration calcuiated by equation 2-11 using activity coeûiaents 
calculated by UNIFAC. 
Figure 2-42. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for chlorobenzene - 1,3-dichlorobenzene 
mixtures. 
Data fiom Banerjee (1984). 
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Key. 
CBz - Chiorobenzene 
ï24-TCBz - 1,2,4-Trkhiorobenzene 
Raoult's Law -Concentration caicuiated by Raoult's Law using mole faction in NAPL 
UNFAC - Concentration calculatecl by equation 2-11 using activity coeffiaents 
calculateci by W A C .  
Figure 2-43. Cornparison of measured aqueous concentrations to 
aqueous concentrations caladateci by Raoult's Law and 
UNIFAC for chiorobenzene - 1f2fPtichlorobenzene 
mixtures. 
Data from Bane jee (1984). 
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CBz - Chiombenzene 124-TC& - 124-Trichlombenzene 
13-DCBz - 1.3-Didilombenzcne 
Raoult's Law - Concentration calmIlœd by Raoult's Law using moie fraction in NAPL. 
UMFAC - Concen~ltion a)c&ted by equation 2-1 1 iaing rctivig aefficienb 
alculated by -AC 
Figure 2-44. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
and W A C  for chiorobenzene - 13-dichlorobenzene - 
1.2,4-tridilorobenzene mixtures. 
Data from Bane rjee (1984). 
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Bz - Benzene 
2-MPent - 2-Methyl Paitane 
Xaouit's Law - Concentration caiculated by Raouit's Law using mole fraction m NAPL 
UNiFAC -Concentration caictrlrted by equation 2-11 using activity c&aents 
calculated by W A C .  
Figure 245. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law 
and UNIFAC for benzene - 2-methyl pentane mixtures. 
Da ta from Leinonen and Madcay (1973). 
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Key: 
n-Oct - n-Octane 
1-MNaph - 1-Methyl Naphthalene 
Raoult's Law - Concentration calculateci by Raoult's Law using mole hdon m NAPL 
W A C  - Cmcentraticm calculated by equation 2-11 h g  activity coeffiaents 
calculated by UNIFAC. 
Figure 2-46. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNlFAC for n-octane - 1-methyl naphthalene mixtures. 
Data from Burris and Madntyre (1986a). 
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Key: 
MCH - Methylcyclohexane 
Raault's Law - Concentration calculated by Raoult's Law using mole fraction in NAPL 
UNIFAC - Concentration dculated by equation 2-11 using activity coeaicients 
caldateci by UNIFAC- 
Figure 247. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNFAC for tetralin - methylcyciohexane mixtures. 
Data from Burris and Madntyre (1986a). 
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EBz -n-ûct Mixtures l 
Key: 
EBz - Ethyl Benzene 
n-Oct - n-Octane 
Raoult's Law - Concentration caIcuiated by Raouit's Law using mole fraction in NAPL 
UNIFAC - Concentration calculated by ecpation 2-11 using activity c d a e n t s  
calculated by UNIFAC. 
Figure 248. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law and 
UMFAC for ethyl benzene - noctane mixtures. 
Data from Burris and Madntyre (1986a). 
Compound 
O Raoult's Law 
Keyr 
EBz - Ethyl b e n e  MCH - Methylcydohexane 
1-MNaph - 1-Methyl Naphthalene 
RaouIt's Law - Concentration calcuiated by Raoult's Law usïng mole faction in NAPL 
ü'N'iFAC - Concentration cslcuiated by equation 2-11 using activity coefficients 
calculated b y UNIFACC 
Figure 249. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for a komponent hydrocarbon mixturee 
Data from Burris and Madntyre (1986b). 
Compound 
Key: 
Tol - Toluene 14-DMNaph - 1.4-Dimethyl Naphthaiene 
EBx - Ethyl Benzene MCH - Methylcydohexnne 
n-ButyIBz - n-Butyl Benzene n-Oct - n-Octane 
1-MNaph - 1-Methyl Naphthdene 
Raoult's Law - Concentration calcuIated by Raoult's Law using mole fraction in NAPL 
W A C  - Concentration calcuiated by equation 2-11 using activity coefficients 
calculateci by W A C .  
Figure 2-50. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculateci by Raoult's Law and 
UNIFAC for a simulated JP-4 jet fuel mixture. 
Data from Burrïs and Madntyre (1986~). 
Compound 
O Raoult's Law 
Key. 
Bz - Benzene 0-Xyl - *XyIene 
Tol - Toluene n-But - n-Butane 
EBz - Ethyi Benzene IZITMBz - 124Trimethyl Benzene 
pXy1- pXylene 2-MBut - 2-Methyi Butane 
m-Xyl - m-Xylene n-Pent- n-?entane 
Raoult's Law - Concentration calculateci by Raoult's Law using mole hction in NAPL 
UNFAC - Concentration caladatecl by equation 2-11 using activity coeffiaents 
calculateci by UNIFAC. 
Figure 2-51. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law and 
UNIFAC for a PS-6 gasoline. 




Bz - Benzene pXy1- pXyIene 
Tol - Toluene rn-Xyl - m-XyIene 
EBz - Ethyl Benzene eXyl -  +Xylene 
Raoult's Law - Concentration catcuiated by Raoult's Law using mole fraction in NAPL 
W A C  -Concentration caiculated by equation 2-11 using activity coeffiaents 
calculateci by -AC. 
Figure 2-52. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for a PS-6 gasoline. 
Da ta from Poulsen et ai. (1992). 
Compound 
Measured 
O Raoult's Law 
X UNlFAC i 
Key: 
Bz - Benzene *Xyi - o-Xylene 
TOI - Toluene n-PBz - n-Propyl Benzene 
EBz Ethyl Benzene ETal - 3-, 4Ethyl Toluene 
m-,pXyl - m-Xylene + p-Xylene EL'IUBz - 1,2,3-Trimethyl b e n e  
Raoult's Law - Concentration calculateci by Raoult's Law using mole fiaction m NAPL 
UNiFAC -Concentration calculateci by equation 2-11 using activity coefficients 
caiculated by UNIFAC. 
Figure 2-53. Cornparison of measured aqueous concentrations to 
aqueous concentrations caldated by Raoult's Law and 
UMFAC for the average composition of 31 gasoiines. 
Data from C h e  et al. (1991). 
File:cline 31 Gasoline UNIFPC5heert 
Cornpouna 
Key.  
Naph - Naphthalene Fiuor - Fiuorene 
I-MNaph - I-Methyi Naphthdene Phai - Phenanthrene 
2-MNaph - 2-Methyl Naphthdene Anth - Anthracene 
Acaiaph - Acenaphthene Ruormith - Ruorantheme 
Raodt's Law - Concentration calculateci by Raoultk Law using mole k t i o n  in NAPL 
UMFAC -Concentration caicukted by equation 2-11 using activity c w f f i a a t s  
caldateci by UNIFAC. 
Figure 2-54. Cornparison of measured aqueous concentrations to aqueous 
concentrations d d a t e d  by Raoult's Law and UNIFAC 
for a sample of diesel fuel (#1). 
Data from Lee et al. (1992b). 
Compound 
0Rwuh's Law 1 
XUNIFAC , 
Key: 
Naph - Naphthalene Fluor - Fiuorene 
1-MNaph - 1-Methyi Naphthalene Phen - Phenanthtene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
Acenaph - Acenaphthene Fluoranth - Fluoranthene 
Raoult's Law - Concentration calculated by Raodt's Law using mole faction in NAPL 
UNïFAC -Concentration calculated by equation 2-11 using activity coeffiaents 
calculatecl by W A C .  
Figure 2-55. Cornparison of measured aqueous concentrations to aqueous 
concentrations caldated by Raoult's Law and UNIFAC 
for a sample of diesel fuel (#2). 
Data from Lee et al. (1992b). 
FtlcLee Diesel =2 UNIF4VSheetl 
Compound 
Key: 
Naph - Naphthalene Fiuor - Ruorene 
1-MNaph - 1-MethyI Naphthaiene Phen - Phenanthrene 
2-MNaph - 2-Methyl Naphthaiene Anth - Anthracene 
Acenaph - Acenaphthene Ruoranth - Ruoranthene 
Raoult's Law - Concentration calculated by Rzoult's Law using mole hction in NAPL. 
UNIFAC - Concentration caicuiated by equation 2-11 using activity coeffiaents 
calculated by -AC. 
Figure 2-56. Cornparison of measured aqueous concentrations to aqueous 
concentrations caldated by Raoult's Law and UNLFAC 
for a sample of diesel fuel (#3). 
Data from Lee et ai. (1992b). 
FileLee Diesel =3 UNlFFCJheerl 
Compound 
Key: 
Nap h - Nap hthalene Fluor - Fluorene 
1-MNaph - 1-Methyl Naphthalene Phen - Phenmithrene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
Acenaph - Acenaphthene Fiuoranth - Ruoranthene 
Raoult's Law - Concentration caiculated by Raoult's Law using mole fiaction in NAPL. 
UNEAC - Concentration calculatecl by equation 2-11 using activity coeffiaents 
calculateci by UNGFAC. 
Figure 2-57. Cornparison of measured aqueous concentrations to aqueous 
concentrations caldated by Raoult's Law and UNIFAC 
for a sample of diesel fuel (#). 
Data from Lee et al. (1992b). 
File:Lee Diesd t 4  UNI FAUS heetl 
CI 
Compound 
O Raoult's Law 
X UNIFAC 
K e y  
Naph - Naphthaiene Phen+Anth - Phenanthrene + Anthracene 
Acenaph - Acenaphthene Fluoranth - Fluoranthene 
Fluor - Fiuorene Pyr - Pyrene 
Raoult's Law - Concentration caicdated by Raoult's law using mole fraction in NAPL 
UWAC - Concentration caiculated by equation 2-11 using activity coeffiaents 
calculated by UNiFAC. 
Figure 2-58. Cornparison of measured aqueous concentrations to 
aqueous concentrations calculated by Raoult's Law and 
UNIFAC for a sample of aeosote. 
Data from Priddle and MacQuarrie (1994). 
Compound 
Key: 
Naph - Naphthaieme Phen - Phenanthrene 
2-MNaph - 2-Methyl Naphthdene Anth - Anthracene 
1-MNaph - 1-Methyl Naphthdene Ruoranth - Fluoramthene 
Acenaph - Acenaphthene Pyr - Pyrene 
Acenaphy - Acenaphthylene B(a)anth - Benzo(a)antiuacene 
Fiuor - Fluorene '=Y - -@ 
Raoult's Law - Concentration calcuiated by RaouIt's Law using moie fraction in NAPL 
UMFAC - Concentration caicuiated by equation 2-11 using activity c d a e n t s  
caiculated by UNIFAC. 
Figure 2-59. Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law and UNIFAC for 
a sample of coai tar (#1). 
Data from Lee et al. (1992a). 
File:Lee Coal Tar =1 UNlFAUSheetI 
Compound 
Key: 
Naph - Naphthalene Phen - Phenanthrene 
2-MNaph - 2-Methyl Naphthaiene Anth - Anthracene 
1-MNaph - 1-Methyl Naphthaiene Fluoranth - Fluoranthene 
Acenaph - Acenaphthene Pyr - Pyrene 
Acenaphy - Acenaphthylene B(a)anth - ho(a)anthracene 
Fluor - Fiuorene C ~ V  -Chrysene 
Raoult's Law - Concentration calculateci by Raoult's Law using mole fraction in NAPL 
UMFAC - Concentracion calculateci by equation 2-11 using activity coeffiaents 
caiculated by W A C .  
Figure 24. Cornparison of measureü aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law and UNIFAC for 
a sample of cod tar (#4). 
Data from Lee et al. (1992a). 
File:Lee Coal Tar c4 UNlFAOSheetl 
Cornpound 
Key: 
Naph - Naphthalene Phen - Phenanthtene 
2-MNaph - 2-Methyl Naphthalene Anth - Anthracene 
1-MNaph - tMethy1 Naphthalene Ruoranth - Fluoranthene 
Acenaph - Acaiaphthene Pyr - Pyrene 
Acenaphy - Acenaphthylene B(a)anth - Benzo(a)anthracene 
Ruor - Fluorene Cftry-aUY-e 
Raoult's Law - Concentration calculateci by Raoult's Law using mole fraction m NAPL 
UNiFAC - Concentration calculateci by equation 2-11 using activity coefficients 
calculated by W A C .  
Figure 2-61. Cornparison of measured aqueous concentrations to aqueous 
concentrations calculated by Raoult's Law and UMFAC for 
a sample of coal tar (#5). 
Data from Lee et ai. (1992a). 
FiIrLee Caal Tar =S UNIFAUSheetl 
Çolubility of non-ionized form 14 mg /L 
Soiubiiity of ionized form 700 mg/L 
pKa 4.75 
Solubility of non-ionized form from Benvenue and Bedanan (1963). 
Solubiiity of ionized form estimated from Lee et ai., (1990). 
Figure 2-62. Solid-phase solubiiity of pentadilorophenol (PCP) 
versus pH. 
F i k K P  Solubilirj vs. pWSheetl 
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Figure 2-63. Solubility of organic compounds with inaeasing concentration 
of dissoived salts. 
Seawater concentration 0.5 molar - 35,000 mg/L dissolved solids. 
Calcula ted from equa tion 2-21. 
File:Salting Out CalaTheet7 
Methanol-Water Systern 
0.02 0.04 0.06 0.08 O. 1 
Methanol Conc (volume fraction) 
Methanol-Water System 
20,000 40,000 60,000 80,000 
Methanol Conc (mgL)  
TCE 1 
Figure 2-64. Inaease in solubility of trichioroethylene (TCE), 
1,2,4trichiorobenzene (124-TCBz) and pyrene in a 
methanol-wa ter sys tem. 
Solubility calculated based on method of 
Rao et al. (1985). 
Acetone-Water System 
O 0.02 0.04 0.06 0.08 O. 1 
Acetone Conc (volume fraction) 
---- Pyrene 1 
Acetone-Waer System 
O 20,000 40,000 60,000 80,000 
Acetone Conc (mgR) 
Figure 2-65. Increase in solubility of trichioroethylene (TCE), 
1,2,4trïchlorobenzene (124-TCBz) and pyrene in an 
acetone-wa ter system. 
Solubility d d a t e d  based on method of 

















O .  
O 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 
Surfactant (mg/L) 
Key: 
m T C B z  - 1,2,.?kTrichlorobenzene 
CMC - Critical micelle concentration = 2,100 mg/L for sodium dodecyl sulfate 
MSR - Molar solubiiization ratio 
Figure 2-66. Exarnple of the effect of the surfactant, sodium dodecyl sulfate, 
on the solubility of 1,2,3+ichiorobenzene. 
Data h m  Kile and Chiou (1989). 
O 1,m lpoo 3,m 4,000 
Suifactant Conc. (mgn) 
O 1,000 lP 3,m 4,000 
Surfactant Cm. (mfl 
PCE S=140 mgi l  
O 1,m 2,000 3,000 4,000 
Surfactant Conc. (mgfl) 
- - - - - - - - - - - __ -  
Key: 
C ~ S  - Ratio of aqueous concentration to purephase solubility. 
S - I'ure-pliase solubility. 
12-DCE - 1,2-Dichloroethylene 
TCE - Trichlaroethylene 
PCE - Tetrrichloraeth y lene 
SDS - Sodium dodecyl sulfate 
T-MAZ tjg - Polyoxyethylene(20) sorbitan monostearate 
Figure 267. Increase in solubility of 1,2-dichloroethylene, trichloroethylene and tetrachloroethylene 
in the presence of various surfactants. 
CMC for SDS = 2,100 mg/L, CMC for T-MA2 60 = 28 mg/L 




CMC - CriticaI micelle concentration 
Figure 2-70. Values of CMC for a set of 125 Srpicai surfactant 
compounds. 
Data from Milton (1989). 
Fii~Surfactant CMC CorrpilanonlSheetl 
0.1 1 1 O 
Solubility (mgll)  for W M=O 
Key: 
C/S - Ratio of aqueous concentration to pure-phase solubiüty 
S - Pure-phase solubility 
DOM - Dissolved organic matter 
Figure 2-71. Inaease in solubility of organic contaminants due 
to the presence of dissolved organic matter. 
The dissolution of NAPL in groundwater involves the transfer of 
chemical mass from the NAPL into the surrounding groundwater. The rate 
of dissolution, or mass transfer, wili influence the magnitude of aqueous 
chemical concentrations in the groundwater emitted from a NAPL source 
zone, as weii as the length of time that a NAPL source zone wiii continue to 
contribute dissolved contaminants to the groundwater. As a result, NAPL 
dissolution has been the subject of considerable research in recent years. The 
following section describes the aspects of NAPL dissolution which are 
relevant to this examination of using aqueous concentrations ratios to 
estimate the chemical mass contained in NAPL zones. 
In zones of residual NAPL, the NAPL occupies 5% to 20% or less of the 
total porosity. At these residual saturation values, the NAPL reduces but does 
not prevent the flow of groundwater through the NAPL zone. In sandy 
aquifers the permeability of the zone of NAPL residual to groundwater may 
be reduced, at most, by a factor of 2 to 3 times compared to the aquifer outside 
the NAPL zone (McWhorter and Kueper, 1996). As groundwater fiows 
through the NAPL residual, a portion of the NAPL will be dissolved into the 
groundw ater. 
Mass transfer across phase boundaries, such as NAPL-groundwater, hes 
been a subject of study in the fields of fluid mechanio. chernical process 
engineering, surface water hydrology, heat transfer and, most recentîy, 
groundwater contamination. The rate of mass transfer aaoss a NAPL-water 
interface is expressed typicaily as a function of a mass transfer coeffiaent, a 
dnving force, and an interfacial contact area between the NAPL and water, 
such as: 
where : 
I is the mass flux fin units of (Mm 
K , is the mass fiansfer coefficient (Ln3 
AC is the concentration difference (MA ) 
A NA, is the interfacial area (L ) 
The driving force for mass hansfer is the concentration difference 
across the interface and is usually expressed as the Merence between the 
effective solubïiity of a NAPL component and the dissolved concentration in 
the buik water flowing past the NAPL. The interfaad area of the NAPL 
residuai is a function of the volume of NAPL contained in the pores and the 
geometric configuration of the NAPL globules and ganglia. The mass tramfer 
coefficient is a function of the water flow conditions. 
The mass transfer rate can be expressed also as the mass flux per unit 
area by: 
where : 
N is the mass flux per unit area (M//L 1 
K , is the mas transfer coeBcieen t (M) 
AC is the concentration difference (MA ) 
Several models have been described in the iiterature which attempt to 
desaibe this pore-scale mass transfer. These models indude: the Stagnant 
Film Model (Nernst, 1904), the Penetration Model (Higbie, 1935) and the 
Randorn Surface Renewal Model (Dankwerts, 1951). Each of these models 
assume that there is a resistance to mass transfer caused by the presence of a 
stagnant or partialîy rnixed boundary iayer between the NAPL and the 
flowing water. 
In the case of the Stagnant Film Model, mass transfer from the NAPL 
to the flowing water occurs by aqueous-phase diffusion aaoss a stagnant 
boundary layer according to: 
(Ci - Cw) 




N is the mass flux per unit area (AdflX2 ) 
D is the diffusion coe~cient (1 /T) 
Kc 13 the mass transfer coeficien t (U) 
C, is the concentration in the flowing water ( M / L ~  ) 
C is the effective solubility (ML3 ) 
6 is the thickness of the boundary layer (1) 
For this moàel, the boundary layer thickness is an empirical parameter 
that accounts for water fiow conditions such as fluid viscosity and velocity. 
The boundary layer thidmess must be calcuiated for a specific set of 
conditions from experimental data. 
The Penetration Model assumes that there is some degree of mixing 
within the boundary layer. In this case, an imaginary element of water 
moves from the flowing water through the boundary layer to the NAPL 
interface. For some tirne period, the water element remains in contact with 
the NAPL allowing ditfusive mass transfer from the NAPL to the element. 
This model is described by: 
where : 
D is the diffusion coeficien t (L 
t is the contact time ( i j  
For this model, the contact t h e  is an empirical parameter that 
accowrts for water flow conditions. The contact time must be caiculated for a 
specific set of conditions from experimental data. 
The Random Surface Renewal Mode1 assumes also that there is some 
degree of mixing within the boundary layer. In this case, imaginary elements 
of water move from the flowing water through the boundary layer to the 
NAPL interface. The water elements remain in contact with the NAPL for a 
range of times, allowing diffusive mass tramfer from the NAPL to the 
element. This mode1 is described by: 
where : 
D is the diffusion coeficient (L f l  
s is the rate of surface renewal (In) 
For this model, the rate of surface renewal is an empirical parameter 
that accounts for water flow conditions. The rate of surface renewal must be 
calculated for a specific set of conditions from experimental data. 
Although these three models provide different formulations for mass 
transfer. in ail cases, the mass transfer coeffiaent is related directly to, or 
related to the square root of, the diffusion coefficient. 
The scientific literature reports relatively few measurements of 
aqueous-phase diffusion coefficients for common organic contaminants in 
groundwater. However, there are a variety of empirical relationships that can 
be used to estimate diffusion coeffiaents of solutes in water. A relatio~hip 
used widely in the field of diemical engineering (Perry's Chernical 
Engineering Handbook, 1984) is: 
where : 
D is the diffusion coeficient (cm * /s) 
@ is an association constant for water = 2.6 
MM, is the molecular mass of water (g/mol) 
T is the temperature (K) 
p is the viscosity of wa ter (cP) 
MV isthe molarvolume ofthesolute(cm 3/mo1) 
Using this relationship. the aqueous-phase diffusion coefficient was 
calculated for a selection of organic contdminants common in groundwater. 
These values are shown in Table 3-1. The calculated value of 9.6 x 10-6 a&s 
for benzene compares dosely with the value of 1.0 x 10-5 crn2/s rneasured by 
T3onoU.i and Witherspoon (1968). Diffusion coeffiaents are higher for lower 
molecular weight compounds and lower for higher molecular weight 
compounds, but the differences between compounds are only about 10% to 
20%. Because there are only small differences between the aqueous-phase 
diffusion coefficients, the mass transfer coefficients for different components 
in a multi-component NAPL will be similar. 
Because the diffusion coeffiaents of most common groundwater 
contarninants are similar, the mass transfer coeffiaents for different 
components of many multi-component NAPL should be similar &o. Based 
on these simple mass transfer models, the overall rates of mass transfer of 
different components of a NAPL and their aqueous concentrations shouid be 
determined primarily by the effective solubility of each component (see 
equation 3-1). The effective solubility of the NAPL components is 
determined by the NAPL composition. 
In this way, the aqueous contaminant concentrations emitted fiom a 
multi-component NAPL wiil reflect the composition of the NAPL. Changes 
in the NAPL composition due to preferential dissolution of higher-solubility 
components will, in tum, be reflected in the aqueous concentrations emitted 
from the NAPL source. 
For a given volume of porous medium containhg NAPL, it may be 
possible to determine the overall rates of mass transfer experimentdy. 
However, it is extremely ciifficuit to determine the NAPL-water interfacial 
area to allow calculation of the mass transfer coefficient according to equation 
3-1. As a result, it is common practice to define the overail mass transfer rate 
is terms of a lumped mass transfer coefficient which incorporates the 
interfacial area as: 
so that 
where : 
A is the lumped mass transfer coefiueent (IR) 
Kc is the mass transfer coeficient (m 
AWL is the interfaual area (L2 ) 
V is a representative v d m e  of porous medium ( L ~  ) 
J is the mass flux (MIT) 
C, is the concentration in the flowing water (M /L~  ) 
C i is the effective solubility (&NL3 ) 
In recent years, numerous researchers have performed laboratory 
dissolution experirnents and mathematical analyses to attempt to develop 
models that can predict the rate of mass transfer, and the resuiting 
groundwater concentrations, for single-component NAPL residuai in porous 
media. From the results of a laboratory experiment, a lumped mass transfer 
coefficient is determined. However, the value for the lumped mass transfer 
coeffiaent will be specific to the particular soii, NAPL residual saturation and 
water flow condition. The lumped mass transfer coefficient will Vary 
depending on the pore structure of the soiI, the volume and geometric 
configuration of NAPL residual and the water veloaty. The lumped mass 
transfer coeffiaent will dechne also as dissolution proceeds and NAPL 
residual is depleted. 
In most cases, researchers have attempted to describe the results of 
laboratory experiments by means of correlation equations of dimensionless 
parameters. These empirical equations relate the obsewed mass tramfer 
coefficients to parameters describing characteristics of the soi1 and water flow 
conditions. One such correlation equation developed by Miller et al., 1990, 
related the Sherwood Nurnber (a dirnensionless measure of the mass transfer 
rate), to the Reynolds Number (a dimensionless measure of the water flow 
conditions), the NAPL saturation, and Schmidt Number (a dimensionless 
ratio of advective to diffusive mass transport). 
where : 
Sh is the Sberwood Number 
I is the lumped mass transfer coefficient 
d ,, is the median grain diameter 
D Ïs the diffusion coefficient 
Re is the Reynolds Number = d m q ~  
P 
q is the Darcy velocily 
p is the water density 
p is the water viscosity 
O,,,,, is the NAPL saturation expressed as a fraction of  the pore space 
Although this correlation equation desmbed adequately the toluene 
dissolution experiments by Miller et al. (1990), it could not describe 
subsequent experiments with styrene and TCE (Powers et al., 1992; Geller and 
Hunt, 1993), with hydrocarbon mixtures (Parker et al., 1991) or with TCE 
(imhoff et al., 1993) in different soi1 materiais. Similarly, none of the 
comparable correlation equations developed for these other studies could 
desaibe dissolution adequately beyond their specific experimental conditions. 
However, the formulations of ail these correlation models suggest that, 
for a given NAPL residual and water fiow condition, the mass transfer 
coefficients for different NAPL compounds shouid be similar provided the 
diffusion coeffiaent values are similar. Powers et al., (1992) examined 
dissolution of TCE and styrene in different experiments for the same sand 
under similar water flow conditions. Diffusion coefficients for TCE and 
styrene differ by only 10% and the mass trawfer coefficients deterrnined 
experimentally for TCE and styrene were similar. 
Recent laboratory experiments conducted by Mukherji et at (1997) 
determined the mass transfer coeffiaents for toluene and eight different PAH 
compounds during dissolution of coai tar NAPL. This study found that mass 
transfer coefficients for individual compounds ranged from 1.2 x 10-3 cm/s to 
1.9 x 10-3 cmfs but there was no staüsticaily significant difference between the 
compounds (see Table 3-2). The diffusion coefficients for the individual 
compounds Mered fiom each other by 25% or less so that mass transfer 
coeffiaents w o d d  be expected to be similar. 
The results of both pore-scale mass transfer models and laboratory-scale 
dissolution models suggest that mass transfer coeffiaents for different 
components of a multi-component NAPL should be simila.. As a result, the 
aqueous contaminant concentrations emitted from the NAPL residual zone 
should be deterrnined prirnarily by the effective solubility of the components, 
for a given NAPL zone and set of water flow conditions. 
Despite the fact that dissolution models developed from specific 
laboratory experiments are not yet capable of generai predictions of the rate of 
mass transfer under differing conditions, these experiments have provided 
general insights on the relationship between water veloaty and the 
magnitude of dissolved concentrations emitted from a zone of NAPL 
residual. For initial NAPL saturations of 5% to 20% of the pore space, used 
typically in these experiments, aqueous concentrations increase to their 
solubility iimit rapidly. A useful measure of the speed of equilibration is the 
residence t h e  for water in the NAPL zone. The residence time is a function 
of the length of the NAPL zone and the water velocity. 
In laboratory column experiments for the dissolution of iso-octane, 
Fried et al. (1979) found that water reached the solubility limit after a 
residence thne of about 15 minutes. For dissolution of toluene (Miller et al., 
1990), the solubility limit was reached after residence times of 30 to 40 
minutes. For dissolution of TCE and styrene (Powers et al., 1992; Powers et al., 
1994), the solubility limits were reached after residence times 5 to 10 minutes. 
For dissolution of TCE (Imhoff et al., 1993), the solubility limit was reached 
after residence times of about 15 minutes. Aqueous concentrations dedine 
from solubility Limits as the residence time decreases in response to depletion 
of the NAPL. 
These studies indicate that aqueous concentrations wouid be expected 
at the solubility limit in groundwater exiting NAPL zones which are more 
than a few centimetres in length, at typical groundwater velocities of a metre 
per day, or less. The fact that concentrations of dissolved contaminants at the 
solubility limit are infrequently observed in field settings is likely a reflection 
of dilution effects from spatial variability in NAPL distributions, Long 
monitoring well intakes, and dispersion in aquifers. 
These same dilution effects will make the detailed study of NAPL 
dissolution and m a s  transfer very düficuit in field settings. Because of 
uncertainty in the exact sue and geometry of NAPL residual zones, and the 
unknown degree of dilution reflected in the contaminant concentrations 
found in monitoring wells, it will not be possible to relate the magnitude of 
aqueous concentrations in the groundwater to the composition of the NAPL 
source zone. However, because dilution affects all dissolved contaminants to 
the same degree, information about the composition of the NAPL source 
reflected in the ratios of aqueous concentrations shodd be preserved despite 
dilution processes. 
Laboratory dissolution experiments have indicated aiso that the rates of 
mass transfer may be limited under conditions of high groundwater veloaty 
or low NAPL residual saturation. In su& circumstances, the aqueous 
concentrations emitted from a NAPL residual zone will be lower than th& 
effective solubility limits. However, based on pore-scale and laboratory-scale 
dissolution models, such non-equilibtium mass transfer effects should 
influence the magnitude of the aqueous concentrations of different NAPL 
components to the same degree. As a resdt, the aqueous concentration ratios 
emitted during non-equilibrium mass transfer should stiii reflect the 
composition of the NAPL. 
Burris and MacIntyre reported a series of shake-flask dissolution 
experiments which c m  be used to illustrate that aqueous concentration ratios 
remain constant for different NAPL components during dissolution under 
non-equilibrium conditions. Burris and MacIntyre (1985) evaluated the time 
to achieve the solubility limits for a NAPL mixture of methylcydohexane 
(MCH) and 1-methyl naphthalene (1-MNaph). These data are shown in 
Figure 3-1. Burris and Madntyre (1986b) evaluated the time to achieve the 
solubility limits for a NAPL mixture of methylcydohexane, ethyl benzene 
(EBz), tetralin (THN) and 1-methyl naphthalene. These data are shown in 
Figure 3-2. B d s  and MacIntyre (1986~) evaluated the time to achieve the 
solubility limits for a NAPL mixture of methylcydohexane and 1-methyl 
naphthalene. These data are shown in Figure 3-3. 
The results of each of these experiments illustrate that the aqueous 
concentrations ratios (relative concentration) of the components are constant 
during the approach to the solubility lirnit at equiïbrium. For example, as 
shown in Figure 3-1, the relative concentrations of methycydohexane and 1- 
methyl naphthalene remain at about 53% and 47%, respectively (or expressed 
as a methylcyclohexane: 1-methyl naphthalene ratio of 1.1). The relative 
concentration of the components remains the same, as determined by their 
respective effective solubilities, despite the fact that the total dissolved 
concentrations inuease from 4% of their solubility limits to 100% d*g the 
dissolution experiment. 
For dissolution of multi-component NAPL in short-length laboratory 
column experirnents or shake-flask experiments, the composition of the 
NAPL may change with time but is relatively homogeneous at any point in 
tirne. However, at real sites of NAPL contamination, the flow path of 
groundwater through the NAPL residual zone may be sufficiently long that 
the aqueous concentrations and NAPL composition in the upgradient portion 
of the NAPL zone may differ from those in the downgradient portion of the 
NAPL zone. Aqueous concentrations emitted fiom the upgradient portion of 
the NAPL residual may be modified by diemical exchange with NAPL of 
different composition in the downgradient portion of the NAPL zone. If the 
aqueous concentration of a component entering the downgradient portion of 
the NAPL is lower than the effective solubiüty of that component for the 
NAPL at that location, further dissolution of that component will o c w  in 
the downgradient portion of the NAPL. If the aqueous concentration of a 
component entering the downgradient portion of the NAPL is higher than 
the effective solubility of the component for the downgradient NAPL, a 
portion of the aqueous-phase contaminant WU partition or dissolve into the 
downgradient NAPL. In this way, the temporal changes in aqueous 
concentrations that would be expected in response to changes in NAPL 
composition are delayed until changes in NAPL composition OCLV in the 
downgradient portion of the NAPL zone. This potential effect was recognized 
by Mackajr et al. (1991) and referred to as a "duomatographic effect". This 
term derives fimm the fact that the process by which aqueous concentrations 
are aitered due to exchange with downgradient NAPL is similar to that in 
chromatographie columns in which diemicals are separated with hcreasing 
effectiveness by columns of increasing length. 
In NAPL pools, NAPL exceeds residuai saturation values and is 
potentiaily mobile. Depending on the capiiiary pressures exerting during 
NAPT. infiltration and the capiilary properties of the aquifer, NAPL saturation 
values in pools range typicaily h m  40% to 70% of the porosity (Feenstra et 
al., 1996). At these high NAPL saturations, the penneability of the pool to 
groundwater flow may reduced by a factor of 10 &es or more (McWh0rte.r 
and Kueper, 1996). As a result, there will generally be little horizontal 
groundwater fIow through NAPL pools. Dissolution of a pool will occur 
predominantly along the upper margin of the pool where groundwater flow 
in the aquifer contacts the pool. Because pools form on strata having lower 
permeability, there is lilcely to be little groundwater flow along the bottom 
margin of the pool. 
Hunt et al. (1988) desaibed an analytical model for dissolution from 
dong the surface of a DNAPL pool in an aquifer. This model aIlows 
caicdation of the aqueous concentrations in groundwater above a pool, 
measured at the downgradient edge of the pool according to: 
where : 
C(z) is the aqueous concentration at z, abo ve the pool (M/L ) 
z is the distance above the pool (L) 
5 ef is the effective solubiliîy of the contaminant (M/L ' ) 
erfc is the complementary error funcrion 
D , is the vertical dispersion coe fiuen t 
L is the length of the pool (1) 
V is the Iinear groundwater velocity (UT) 
and by: 
where : 
D is the diffusion coeflcienr (1 fl) 
7 is the tortuosity 
a, is the vertical dispersivity (L) 
According to this model, equiiibriurn mass transfer occurs at the upper 
surface of the pool such that the aqueous concentration at the top of the pool 
is determined by the effective solubility of the compound. Aqueous-phase 
contaminants migrate upward into the aquifer as a resdt of vertical 
dispersion. The magnitude of the vertical dispersion coeffiaent is 
detennined by the aqueousphase diffusion coefficient, the vertical 
dispersivity and the groundwater velocity. The aqueous concentrations of 
contaminants measured in groundwater downgradient of a NAPL pool wiil 
be lower than the effective solubility limit. The magnitude of the aqueous 
concentration WU be determined largely by the vertical distance over whidi 
groundwater samples are coiiected. Samples colîected from monitoring welis 
will long intakes will yield lower concentrations than wells with short 
intakes. Aqueous concentrations will be lower also for short NAPL pools. 
Simulations from this model compare weU with laboratory 
experirnents of single-component NAPL pool dissolution reported by 
Johnson and Pankow (1992) for TCA and TCE, Pearce et al. (1994) for TCA and 
TCE, and Voudnas and Yeh (1994) for toluene. There are no laboratory 
studies available that have compared this model to results for dissolution of 
mdti-component NAPL pools. 
Based on equations 3-11 and 3-12, dissolution of the individual 
components of a multi-component NAPL wiii depend principaliy on the 
effective solubility of the components. The only model parameter, other than 
effective solubility, that reflects a characteristic of an individual component is 
the aqueous-phase diffusion coefficient in equation 3-12. However, the 
diffusion coefficients are similar for most o r g a ~ c  ompounds that are 
common groundwater contaminants. AU of the other model parameters are 
physical properties of the NAPL pool, the groundwater flow condition, or the 
aquifer. As a result of these relationshipsf the aqueous concentrations at the 
top of a mdti-component NAPL pool WU be detennined by the effective 
solubility of the individuai components. The effective solubiiity is 
deterrnined by the NAPL composition at the top of the pool. Although 
vertical dispersion causes a reduction in aqueous concentrations with 
distance above the pool, dispersion is essentialiy a dilution process which WU 
affect the aqueous concentrations of all the components to the same degree. 
Consequently, the aqueous concentration ratios in the groundwater should be 
determined by the NAPL composition at the top of the pool. 
This effect is illustrated in Figure 3-4 by the results of dissolution 
simulations for a multi-component NAPL pool cowisting of an equimolar 
mixture of chioroform ( K M )  and tetrachloroethylene (PCE) in a typical sandy 
aquifer. Figure 3-4a shows vertical profiles of relative aqueous concentrations 
at the downgradient edge of pools measuring 1 m and 10 m in length. Other 
model input parameters are shown in the key for the figure. Values for 
tortuosity and vertical dispersivity are taken from laboratory tests of pool 
dissolution The aqueous concentrations are highest at the top of the pool 
and dedine with distance above the pool. The aqueous concentrations extend 
a greater distance upward from the pool for the 10 m pool due to the longer 
contact üme and greater opportunity for upward dispersion. The 
concentration profiles for TCM and PCE differ slightly because of slightly 
different diffusion coeffiaents. For the vertical dispersivity and groundwater 
veloaq values selected here, the molecular diffusion coeffiaent is an 
important parameter in deterrnining vertical dispersion. For higher values 
of vertical dispersivity or groundwater velocity, the degree of vertical 
dispersion WU not be influenced by ciifferences in molecuiar diffusion 
coefficients for different components. 
Profiles of PCE/TCM ratios are s h o w  in Figure 3-4b. The ratio at the 
top of the pool is 0.0276 reflecting the NAPL canpositios. The PCE/TCM 
ratio dedines with distance above the pool refIeaing that the rate of TCM 
diffusion is slightly greater than that of PCE. However, the PCE/TCM ratios 
calculated from the average aqueous concentrations in the plumes above the 
pools were 0.0261 for the 1 m pool and 0.0259 for the 10 m pool. These 
average ratios compare dosely to the ratio at the top of the pool. This is the 
case because the aqueous concentrations are highest dose to the pool and the 
highes t concentrations determine the value of the average ratio. 
The pool dissolution simulations suggest that the aqueous 
concentration ratios emitted by dissolution of a multi-component NAPL pool 
may refiect the NAPL composition in the same way as for dissolution of 
multi-component NAPL residual. Laboratory experirnents by Whelan et al. 
(1994) for dissolution of an equimolar mixture of TCE and 112-TCA found 
that the aqueous concentration ratio dose to the top of the pool fluctuated 
from 0.29 to C.33 dwhg the early stages of the experiment and compared 
dosely to the ratio of 0.31 predicted for the TCE + 112-TCA mixture. 
As dissolution of a mdti-component NAPL pool proceeds, the NAPL 
composition at the top of the pool wiil diange as the more soluble 
components are dissolved preferentidy. Dependhg on the rate of 
dissolution dong the top of the pool, the NAPL composition at the top of the 
pool may differ from the NAPL composition deeper in the pool. If this is the 
case, the aqueous concentration ratios measured in the plume WU not reflect 
the overall NAPL composition. If NAPL pools are thin (i.e. a few centimetres 
of less), diffusive replenishment of the soluble components to the 
groundwater-NAPL pool interface may be suffïaently rapid to maintain a 
uniform chernical composition verticdly within the NAPL pool. This is not 
likely to be the case for thick NAPL pools. ïhe rate of molecular diffusion 
within NAPL should be roughiy sirnilar to aqueous-phase diffusion if the 
viscosity of the NAPL is similar to that of water (Perry's Handbook of 
Chemical Engineering, 19û4). The rate of diffusion through high viscosity 
NAPL WU be slower than that through water. 
As groundwater passes dong the top of a NAPL pool it is Likely that 
there wiil be some opportunity for the aqueous-phase contaminants 
dissolved h m  the upgradient portion of the pool to interact with the NAPL 
in the downgradient portion of the NAPL. This exchange couid cause a 
chrornatographic effed similar to that possible in NAPL residual zones. 
No laboratory studies are presentiy available to evaluate how aqueous 
concentration ratios would change during dissolution of multi-component 
NAPL pools. Consequently, there is little potential at this tinte for using 
aqueous concentration ratios to estimate NAPL mass contained in pools. 
Theoretical pore-scale models and empirical laboratory models of 
NAPL dissolution suggest that the rate of m a s  transfer and resultant aqueous 
concentrations emitted by dissolution of multi-component NAPL residual 
will be determined primarily by the effective solubility of the NAPL 
components, for a given NAPL source and set of water flow conditions. The 
effective çolubilities of NAPL components are determined by the NAPL 
composition. Changes in the NAPL composition due to preferentiai 
dissolution of higher-so1ubility components wiU, in tum, be reflected in the 
aqueous concentrations emitted from the NAPL residual at later times. 
However, in a field setting it will not be possible to relate the magnitude of 
aqueous concentrations in the groundwater to the characteristics of the NAPL 
residual zone because of uncertainty in the exact size and geometry of NAPL 
residual zones, and the unknown degree of dilution reflected in the 
contaminant concentrations found in monitoring wells. In addition, non- 
equilibrium mass transfer may occur under conditions of low NAPL residual 
saturation or high groundwater velocity. However, because dilution and 
non-equilibrium mass transfer should affect ail dissolved contaminants to 
the same degree, information about the composition of NAPL residual 
reflected in the ratios of aqueous concentrations may be preserved. The 
preIiminary study by Feenstra (1990) suggested that estimates of the chemical 
mass in NAPL residual zones may be possible using measured changes in 
aqueous concentration ratios in groundwater, together with predicted changes 
derived from a 1-ceil Effective Solubility Mode1 (ESM). 
Figure 3-5 illustrates several different conceptual conditions for further 
evaluation of dissolution of multi-component NAPL in the subsurface. 
Case 1 represents the condition where groundwater flow occurs direbly 
through a short zone of NAPL residual. In this case, the aqueous 
concentration ratios measured in the groundwater refled the NAPL 
composition but the length of the flow path through the NAPL is sufficiently 
short that the aqueous concentrations emitted from the upgradient portion of 
the NAPL are not altered by exchange with NAPL in the downpdient 
portion of the NAPL zone. There is no duomatographic effect on the 
aqueous concentrations- The condition represented by Case 1 can be 
simuiated using the 1-ceil configuration of the ESM. 
Case 2 represents the condition where groundwater flow occurs directly 
through a long zone of NAPL residual. In this case, the aqueous 
concentration ratios also reflect the NAPL composition initialiy but may be 
altered by the chromatographic effect. The condition represented by Case 2 
requires that the ESM be extended to account for the diromatographic effect. 
Case 3 represents the condition where groundwater flow occw 
through, but predominantly around, a thin layer of NAPL residual. In this 
case, the aqueous concentrations emitted from groundwater flow directly 
through the NAPL zone rnay be iduenced by the chromatographic effect in 
the sarne way as Case 2. However, for thin zones of NAPL residual such as 
this, there ma y be significant migration of aqueous-phase contaminants away 
from the layer due to vertical dispersion. As a result, some of the 
groundwater which by-passes the NAPL layer may acquire aqueous-phase 
contamination. Because this vertical dispersion should be essentidy a 
dilution effect (see Section 3.5), the aqueous concentration ratios in the 
groundwater by-passing the NAPL layer may reflect the NAPL composition 
within the NAPL layer. However, because of the two-dimensional nature of 
flow through the layes and dispersion out of the layer, this condition cannot 
be represented specifically with the ESM. 
Case 4 represents the condition where groundwater flow occurs along 
the top of a thin NAPL pool. Aqueous-phase contaminants are emitted to the 
groundwater by dissolution along the top of the pool. Aqueous 
concentrations extend upward into the aquifer as a result of vertical 
dispersion- Because this vertical dispersion should be essentialiy a dilution 
effect (see Section 3.5), the aqueous concentration ratios in the groundwater 
flowing over the NAPL pool may reflect the NAPL composition within the 
NAPL layer provided that the pool has a uniform chernical composition 
throughout its thiduiess. This may occur for thin pools where the diffusion 
within the NAPL is suffiaently rapid to replenish the more soluble 
contaminants dissolved hom the top of the pool. For thidc pools as 
represented in Case 5, the aqueous concentrations in groundwater at the top 
of the pool wili not refiect the overaii chernical composition of the pool. The 
conditions in Cases 4 and 5 cannot be represented specificaily with the ESM. 
The foilowing chapter desaibes the extension of the Effective Çolubiiity 
Model (ESM) to account for the dvomatographic effect on aqueous 
concentrations expected in long NAPL residual zones. Subsequent chapters 
describe cornparisons of the predictions fiom the ESM to the results of 
laboratory experiments for dissolution of multi-component NAPL residual, 
and to two controiied field experiments at Borden where zones of residual 
NAPL and thin NAPL pools were aeated in a sandy aquifer. 
Table 3-1. Caiculated values for aqueous-phase diffusion coefficients for 
selected organic contaminants common in groundwater. 
Caicuiated using the method of Wike and Chang (1955) as 
described in Ferry's Handbook of Chexnical Engineering 











































(un2/s) at 2 0 0 ~  
9.6 x 10-6 
8.5 x 10'6 
7.6 x 10-6 
7.6 x 10-6 
1.1 x 10-5 
9.8 x 10-6 
8.7 x 10-6 
9.7 x 10-6 
8.6 x 10'6 
9.0 x 10-6 
8.1 x 10-6 
8.5 x 10-6 
7.7 x 10-6 
7.1 x 10-6 
7.4 x 10-6 
6.2 x 10-6 
6.2 x 10-6 
5.9 x 10-6 
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Table 3-2. Measured values for mass transfer coefficients determined 
for the dissolution of coal tars. 
From Mukherji et al. (1997). 
Coefficient (an21s) Coefficient (cmls) ! 
I I 
r 
Toluene 1 9.6 x 10-6 1.2 x 10'3 ! 9 I 
Compound 





Pyrene 1 6.4 x 10-6 1 1.8 x 10-3 7 1 
Measured Mass Transfer 
8.0 x 10-6 
7.4 x 10-6 





Num ber of Tests 
I 
1 .2 x 10-3 
13 x 10-3 
1 .5 x 10-3 
6.9 x 10-6 
6.7 x 10-6 




1.4 x 10-3 
1.5 x 10-3 





Relative Conc -Concentration dative to the total dissolved concentration. 
MCH - Mechylcydohexane 
1-MNaph - 1-Methyl naphthalene 
Figure 3-1. Consistency in relative aqueous concentrations during 
approach to solubility Wts for dissolution of mixture of 
methylcylcohexane and 1 -methyl naphthalene. 
Data from Burris and M a d n p  (1985). 
O 10 20 30 40 50 
Time (houn) 
Key: 
Relatixre Conc -Concentration relative to the total dissolveci concentratiom 
MCH - Methykydohexane 
EBz - Ethyl benzene 
THN - tetrah 
1-MNaph - I-Methyi naphthalene 
Figure 3-2. Consistency in relative aqueous concentrations during 
approach to solubility iimits for dissolution of mixture of 
methylcydohexane, ethyl benzene, t e e ,  and 
1-methyl naphthalene. 
Data from Burrîs and Mach- (1986b). 
Key. 
Relative Conc - Concentration relative to the total dissolveci concentration. 
EBz - Ethyl benzene 
ïHN - Teaalin 
Figure 3-3. Consistenq in relative aqueous concentrations during 
approach to solubility limits for dissolution of mixture of 
ethyl benzene and tetdh. 
Data from Burris and MacIntyre (1986~). 
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PCEfïCM Ratio 
IrnPodAuerage - 1O m Pool Profile 
Key: 
TCM - Chloroform 
PCE - Tetrachloroethy1ene 
Groundwater veiocity = 0.1 m/day 
Tortuosity= 0.7 (Voudnas and Yeh, 19943 
Dispersivity= 0.00023 m (Johnson and Pankow, 1992) 
Diffusion coefficient for TCM= 9.8 x l(r cmz/s (Table 3-1) 
Diffusion coefficient for PCE= 8.1 x IV cm2/s (Table 3-1) 
Figure 34. Aqueous concentrations and concentration ratios above 
a multi-comportent NAPL pool of TCM and PCE. 
Concentrations calculated using equations 3-10 and 3-11. 
Average ratios are calculateci from the average aqueous 
concentrations of the full concentration profile. 
NAPL Residual- Shon flow path, 
minimal chromatographic effect 
Case 3: 
NAPL Residual- 
Long fiow path, vertical 
dispersion, possible 
chrornatographic effect 
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NAPL Residual- Long flow path, 
E-cted chromatograp hic effect 
NAPL composition 
figure 3-5. Sdiematic diagram of concephial conditions for 
dissolution of multiiomponent NAPL. 
PLEXSE NOTE 
4. DESC~UPTION OF EFFECTIVE SOLUBILIN MODEL (ESM) 
The Effective Solubility Mode1 (ESM) was developed to provide a 
method of describing the changes in aqueous concentrations of organic 
contaminants emitted from the dissolution of a multi-component zone of 
NAPL residual. The ESM relies on the principle that the aqueous 
concentrations can be determined fiom the NAPL composition As described 
in Chapter 2, Raoult's Law provides reasonable prediction of effective 
solubility in most circumstances. Using Raoult's Law, aqueous 
concentrations are calculated using the mole fractions of the components in 
the NAPL and the pure-phase solubilities of the components. 
In its simplest form, the ESM represents a single celi, of unit volume, 
into which dean water enters the cell and equilibrates with NAPL. Aqueous 
concentrations are calculated according to Raoult's Law and the NAPL 
composition. The water leaves the cell, the masses of the components 
removed by the water from the NAPL are calculated, and a new NAPL 
composition is determined based on the diemical mass removed. 
Shiu et al. (1988) used a mode1 similar to this simple ESM to simulate 
the results of laboratory dissolution experiments. They related the 
equilibrium aqueous concentrations to total volumetric flow of water 
through the columns. Feenstra (1990) used the 1-cell ESM to simulate the 
results of a laboratory dissolution experiment and the changes in aqueous 
concentrations ratios observed in pump-and-treat systern at a site of NAPL 
cûritam*iiiiion. He related the changes in aqueous concentration ratios to the 
degree of mass depletion of the NAPL. Shiu et al. (1988) and Feewtra (1990) 
showed that the results of these simple dissolution models compared well to 
laboratory dissolution experiments. However, it must be recognized that 
these laboratory experiments represented NAPL zones only a few centimetres 
in length. 
Because water moving through NAPL residual zones wiil equilibrate 
rapidly with the NAPL., aqueous concentration emitted from the upgradient 
portion of a NAPL zone may exchange with NAPL of differing composition at 
the downgradient portion of the NAPL zone and change in concentration. 
This potential effet3 cannot be simulated by a single equiübration ceii. To 
account for this chromatographie effect, the ESM was extended to simulate a 
series of equilibration cells linked sequentially. The equilibration caldatiow 
within each cell take the total chernical mass and allocate appropriate 
proportions to the NAPL, sorbed and aqueousphases according Raoult's Law 
and linear partitioning relationships. For each equilibration step for each cell, 
the calculated sorbed-phase and NAPL-phase chemical mass is retained 
within the cell and the calculated aqueous-phase diemical mass is passed to 
the next downgradient cell for the next equilibration step. 
The ESM allows the calculation of the aqueous concentrations and 
concentration ratios for the dissolution of NAPL residual, based on the 
physical and chemical characteristics of the NAPL, and the physical 
characteristics of the porous medium. 
Fixed-value parameten for the ESM indude: 
For NAPL Components- 
Pure-phase solubility 
Molecular mass 
Soi1 organic carbon-water partition coefficient 
Density 
For Porous Medium- 
@ Drybulkdensity 
Total porosity 
Fraction organic carbon 
Initial-value parameters for the ESM indude: 
Initial NAPL volume 
Initial NAPL component concentrations 
There are also several calculated Fued parameters. For illustrating 
relationships, the following equations do not indude conversion factors to 
provide consistent dimensionai units. For simpliaty, NAPL-filled and water- 
filled porosity, and total porosity values are expressed here in volume units 
because a unit volume of porous medium is considered in each ceU. 
For sorption of aqueous contaxninants on the aquifer solids- 
K d  = Ku, foc 
where : 
K , is the sorption coefficient for the porous medium (L /M) 
K is the organic carbon - wa ter partition coe ficien t (L /M) 
f , is the weigh t fraction organic carbon in the porous medium 
Calcula ted initial parame ters indude: 
For initial water-filled porosity- 
where : 
OW, is the initial water - filled porosity (L ) 
is the total porosity (L ) 
is the initial NA PL - filled porosity (L ) 
For initial NAPL density- 
where : 
phPL is the initial NA PL density (M/L ) 
c ' P O  is the concentration of component i, in the NAPL 
p' is the density of component, 
For initial mass of each NAPL 
- ci.o O 
OiAPL PNAPL 
where : 
i, in the NAPL (MX ) 
component- 
M ' .O is the initialmas ofcomponent, i, in the NAPL (M) 
0 is the initial NAPL - filied porosity (L -) ) 
ph, is the initial NA PL density (M ) 
The preceding parameters and calculated parameters define the initial 
conditions for the ESM simulations. The initial conditions are the same in 
aU ceiis. The foilowing section describes the calculations for each 
eqdibration step in each ceil. ïhe chemical mass partitioning calculations 
are solved iteratively. 
For each equilibration step in each celi, the sequence of calculations 
begins with the calculation of the total chemicai mass in the celi. For the first 
eqdibration step, the total mass of each component in the ceii is determined 
by equation 4-4. For subsequent steps, the total chemical mass of each 
component in the ceii is determined by the NAPL-phase and sorbed-phase 
chemical mass remaixüng in the ceil from the previous equilibration step, 
plus the aqueous-phase chemical mass imported to the ceil from the previous 
equilibration step from the upgradient cell. 
At the start of each equilibration step, the total chernical mass of each 
component is assumed to reside in the NAPL phase. The mole fractions of 
each cornponent in the NAPL are calcdated, and aqueous concentrations are 
determùied by Raouit's Law. The sorbed-phase concentrations of each 
component are calculated based on the aqueous concentrations. The aqueous- 
phase chemical mass and the sorbed-phase chemicai mass are then calculated 
based on their respective concentrations. However, the sum of the NAPL- 
phase mass, sorbed-phase mass and aqueous-phase mass then exeeds the 
total mass. 
A revised value of the NAPL-phase chemical mass of each component 
is calculated as the total diemical mass minus the aqueous-phase mass and 
sorbed-phase mass. This revised NAPL-phase mass is then cyded back 
through the same sequence of calculations until the caiculated aqueous-phase 
concentration no longer change significantly between iterations, and 
equilibration of chemical mass between the NAPL phase, sorbed phase and 
aqueous phase is achieved. 
For each equilibration step, one ceU volume of water moves through 
each of the cells. There is no time period assoaated with an equilibration 
step. It is assumed that chemical equilibrium is achieved in each ceii. 
A fIow chart describing the calculation sequence is shown in Figure 4-1. 
The foiiowing paragraphs desaibe the equations ernployed in the calculation 
sequence. 
1. Determine the total chemical mass of each component in the cell 
and assign to the NAPL phase. 
This caldation employs values from the upgradient cell and 
previous equilibration step ço that superscripts, c and e, are 
speefied in the following equation. 
where : 
i,c ,e MUPL is the mass of component, i ,  in ce//, cf at step, e 
M~ZL-~ is the NAPL mass of component, il in ce/., cl 
at previous step, e - 1 
ML;&' is the sûrbed mass of  component, il in cell, cl 
at previous step, e - 7 
is the aqueous mass of component, i, 
in upgradient cell, c - 1, at previous step, e - 1 
2. Calculate molar concentration of each component in the NAPL. 
This calculation does not employ values from other celis or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
X LAPL is the molar concentration of component, i, in the NA PL (mol) 
M is the NAPL mass of component, i (M) 
MM ' is the molecular mass of componenr, i (M/mol) 
3. Calculate mole fraction of each component in the NAPL. 
This calculation does not employ values from other ceils or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
XbAPL is the mole fraction of component, i, in the NA PL 
4. Calculate aqueous concentration of each component based on 
Raoult's Law. 
This calculation does not employ values from other cells or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
C ' is the aqueous concentration ofcomponent; ~ ( M / L ~  ) 
5 ' is the pure - phase solubility of component, i (M/L ) 
in the circumstance where =O, caldate aqueous 
concentration by: 
where : 
M &, isthemass ofcomponent i, in ce//, c, atstep e 
Ger is the wa ter - filied porosity (L ) 
pb is the dry bulk density of the porous medium (M/L ) 
K is sorption coeficient for component, i (1 /M) 
5. Calculate aqueous-phase chemical mass for each component. 
This calculation does not employ values from other cells or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are ornitted. 
where : 
M &ws is the aqueous rnass of component i 
6. Calculate sorbed-phase chemical mass for each component. 
This calculation does not employ values from other ceiis or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
k b e d  is the sorbed m a s  of component, i 
7. Calculate revised NAPL-phase diemical mass for eadi 
component. 
This calculation does not employ values from other ceils or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
( M LAPL ) ' is the revised NAPL mass of component i 
M APL is the NAPL massofcomponent, i, 
8. Calculate NAPL-filied porosiv. 
This calculation does not employ values from other cells or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
@NA PL is the NA PL - filed porosity (L ) 
pi is the density of i m p o n ~ n t  i, in the NAPL (M/L ) 
9. Calcula te revised water-filleci porosity. 
This calculation does not employ values from other cells or 
equilibration steps so the superscripts, c and e, used in 
equation 4-5 are omitted. 
where : 
k t  is the water - filed porosity (L ) 
O,,, is the total porosity (L ) 
@NAPL is the NAPL -filedporo5ity(i3 ) 
10. Using revised NAPL-phase chemical mass for each component 
and water-fiiled porosity, repeat calculations until the change in 
aqueous concentrations between iterations is suitably small. The 
tolerance used is this work was 10-6. 
The ESM was implemented as an executable maao (programmed in 
Visual Basic) in Microsoft Excel v. 5.0. The fïxed-value parameters and 
initial-value parameters desaibed in Section 4.2.1 are specific input 
parameters to the ESM. In addition, the number of cells and number of 
equilibration steps are specified. A listing of the macro program is found in 
Appendix B. 
The ESM calculates the aqueous concentrations of each NAPL 
component emitted h m  the last mode1 ce11 for each equilibration step. The 
aqueous concentration ratios are calculated from these values. The ratio 
(referred to as Q) of the volume of water passed through the NAPL zone to 
the total NAPL volume in the series of cells, and the relative NAPL mass 
remaining are calcdated for each equilibration step. The key relatio~hip to 
be examined is the change in aqueous concentration ratios relative to the 
NAPL m a s  remaining. 
A series of mode1 simulations were performed to illustrate the effect of 
varying input parameter values on the calculated aqueous concentrations 
ratios. Of the fixed-value and initial-value parameters, not ali wili have a 
significant effect on the caldated aqueous concentration ratios. For example, 
the molecular mass and density of individual NAPL components Vary over a 
relatively small range in cornparison to parameters such as pure-phase 
solubility and GC of the components, or foc of the porous medium. Some 
parameters are correlated with other parameters. Purephase solubility of the 
components is inversely related to qC, and total porosity is inversely related 
to dry bulk density of the porous medium. For these reasons, pure-phase 
solubility of the components, initial NAPL residual content, foc and total 
porosity of the porous medium were considered principal parameters for the 
sensitivity analyses. 
AU semitivity analyses comidered hypotheticai binary NAPL mixtures 
comprised of 50% by weight of each component. For simplicity, each 
component has a molecular mass of 100 g/mole and a dewity of 1,000 kg/m3. 
Sensitivity analyses considered combinations of pure-phase solubility values 
including : 
Component A=1,000 mg/L - Component B=500 mg/L 
Component A=1,000 mg/L - Component B=100 mg/L 
Component A=1,000 mg/L - Component B=10 mg/L 
Component A=1,000 mg/L - Component B=1 mg/L 
Component A=100 mg/L - Component B=10 mg/L 
This range in pure-phase solubility for these combinations reflects the range 
in values for the most important organic contaminants in groundwater. 
Sensitivity analyses considered initial NAPL residual content values 
including: 
These values represent residual saturations of 0.3%, 1.7%, 5% and 17% of pore 
space, respectively, in a porous medium with total porosity of 0.3. Initial 
NAPL residual saturations in mos t laboratory dissolution experiments range 
from about 5% to 15%. 
Sensitivity analyses considered foc values for the porous medium 
including: 
These values represent organic carbon contents of 1.0%, 0.Ioh and 0.01% by 
weight, respectively. This reflects the range expected in natural porous 
media. 
Çensitivity analyses considered porosity values for the porous medium 
including : 
These values reflect the range in porosity expected in natural porous media. 
In addition to varying the fiued-value and initial-value parameters, 
sensitivity analyses considered the effect of increasing the number of ceils 
linked in the ESM. The foilowing sections desaibe the results of the 
sensitivity analyses. 
A series of mode1 simulations were performed to illustrate the effect of 
the solubility of the NAPL components on the aqueous concentration ratios. 
Four binary NAPL mixtures were cowidered with component pure-phase 
solubilities of 1,000 mg/L and 500 mg/L (Mix 1); 1,000 mg/L and 100 mg/L 
(MU< 2); 1,000 mg/L and 10 mg/L (Mix 3); and, 1,000 mg/L and 1 mg/L (Mu 4), 
respectively. The results of these simulations are shown in Figure 4-2. 
Because of the different pure-phase solubilities of the components of 
each mixture, the initial aqueous concentration ratio (component B/ 
component A) is different for each mixture. The initial aqueous 
concentration ratios are 0.5, 0.1, 0.01 and 0.001, respectively, for MU< 1, Mu< 2, 
Mix 3 and Mix 4. These ratios depend on both the NAPL composition and the 
pure-phase solubilities of the NAPL components. 
The shape of each of the curves is different for each mixture. For 
Mu 1, the pure-phase solubility of component A and component B differ o d y  
by a factor of 2 times. As a result, dissolution removes an appreaable 
proportion of both components and the aqueous concentration ratio B/ A 
inaeases slowly as NAPL m a s  is depleted. In contrast, for MU< 4, the pure- 
phase solubility of component A and component B differ by a factor of 1,000 
times. Cowequently, dissolution removes component A much more rapidly 
than component B and the ratio B/A inaeases rapidly as NAPL mass is 
depleted. For Mix 4, almost ail of component A is depleted before a 
significant proportion of component B is removed. 
A series of mode1 simulations were performed to illustrate the effect of 
number of equüibration ceils on the change in aqueous concentration ratio 
relative to the NAPL mass remaining. Four binary NAPL mixtures were 
considered with comportent pure-phase solubilities of 1,000 mg/L and 
500 mg/L; 1,000 mg/t and 100 mg/L; 1,000 mg/L and 10 mg/L; and, 1,000 mg/L 
and 1 mg/L, respectiveiy. For each NAPL mixture, simulations were 
performed for 1-ceii, 10-ce11 and 100-ceil configurations. The greater the 
number of ceiis, the greater the chromatographic effect of chemical exchange 
between the aqueousphase contaminants emitted from the upgradient cells 
and the NAPL in the downgradient ceus. The numbers of ceiis can be viewed 
as representing the generic length of the NAPL residual zone. The results of 
these simulations are shown in Figures 4-3,4-4,4-5 and 4-6. 
The effect of a greater number of cells on the change in aqueous 
concentration ratios is similar for each of the NAPL mixtures. During the 
early stage of NAPL dissolution for multiple-cell configurations, the aqueous 
concentration ratio remains constant for some period as the aqueous 
concentrations emitted ftom the NAPL zone are controiled predominantly by 
the NAPL contained in downgradient ceils which have undergone less 
dissolution. At later stages of dissolution, the aqueous concentration ratios 
inaease rapidly in response to the eventual changes in NAPL composition in 
the downgradient ceils. For greater numbers of ceus, the period of early 
constant ratios is greater and the eventual rate of increase in ratios is more 
abrupt. 
For NAPL mixtures having a high contrast in the pure-phase solubility 
of the components (see Figures 4-5 and 46), the eventual increase in ratios is 
extremely abrupt. This effect is comparable to the enhanced separation of 
solute peaks observed in chromatographic columns of inaeasing length. 
ïhe  effect of the number of ceus is most sigxuficant at early and late 
stages of dissolution with regard to the abiiity to predict the NAPZ. remaining 
based on the aqueous concentration ratio. For example, in Figure 4-4, a B/A 
ratio of 0.2 could relate to a value of N ' P L  remaining of 0.7 or 0.45 depending 
on the number of cells specified. A greater number of ceils yields a lower 
prediction of NAPL mass remaining. Simüarly, a B/A ratio of 20 could relate 
to a value of NAPL remaining of 0.45 or 0.28 depending on the number of 
cells specified. In this case, a greater number of ceils yields a higher prediction 
of NAPL mass remaining. 
A series of mode1 simulations were performed to illustrate the effect of 
different organic carbon contents on the change in aqueous concentration 
ratios relative to the NAPL mass remaining. The organic carbon content will 
determine the proportion of the diemical mass sorbed on the porous 
medium solids. Five binary NAPL mixtures were considered with 
component pure-phase solubilities of 1,000 mg/L and 500 mg/L; 1,000 mg/L 
and 100 mg/L; 1,000 mg/L and 10 mg/L; 1,000 mg/L and 1 mg/L; and, 
100 mg/L and 10 mg/L, respectively. For eadi NAPL mixture, simulations 
were perfonned for foc values of 0.0001,0.001 and 0.01. The results of these 
simulations are shown in Figures 4-7,4-8,49, 4-10 and 4-11. 
The effect of higher values of foc on the change in aqueous 
concentration ratios is similar for each of the NAPL mixtures. During early 
stages of dissolution, there is no difference in B/A ratio regardless of the foc 
value. This is the case because the chernical mass which can be sorbed on the 
porous medium solids is srnali in cornparison to the chernical mass 
contained in the NAPL rernaining. During later stages of dissolution, the 
B/A ratios for foc values of 0.0001 and 0.001 differ from those for an foc value 
of 0.01. For high foc values, the mass of soi1 organic carbon may be 
comparable to the NAPL mass and a d  to buffer the changes aqueous 
concentrations emitted from the NAPL zone- 
For the examples shown in Figures 4-9 and 4-10, a B/A ratio of 1 could 
relate to a value of NAPL remaining of 0.5 or 0.47 depending on the foc value 
specified. Consequently, this effect is relatively minor. 
A series of model simulations were perforrned to illustrate the effect of 
different porosity values on the change in aqueous concentration ratios 
relative to the NAPL mass remaïning. Five binary NAPL mixtures were 
considered with component pure-phase solubilities of 1,000 mg/L and 
500 mg/L; 1,ûOO mg/L and 100 mg/L; 1,000 mg/L and 10 mg/L; 1,000 mg/L and 
1 mg/L; and, 100 mg/L and 10 mg/L, respectively. For each NAPL mixture, 
simulations were performed for porosity values of 0.2, 0.3 and 0.4. The results 
of these simulatiow are shown in Figures 4-12,4-13,4-14,415 and 4-16. 
There is essentially no effect of differing porosity on the aqueous 
concentration ratios calculated b y the ESM. 
A series of model simulations were performed to iliustrate the effect of 
initial NAPL content on the change in aqueous concentration ratios relative 
to the NAPL mass remainuig. Five binary NAPL mixtures were considered 
with component pure-phase solubilities of 1,000 mg/L and 500 mg/L; 
1,000 mg/L and 100 mg/L; 1,000 mg/L and 10 mg/L; 1,000 mg/L and 1 mg/L; 
and, 100 mg/L and 10 mg/L, respectively. For the first fout NAPL mixtures, 
simulations were performed for initial NAPL contents of 5 ~/m3, 15 ~ / m 3  
and 50 ~ / m 3 .  For the final NAPL mixture, initiai NAPL contents of 1 L@, 
5 ~ / m 3  and 15 ~ / m 3  were used. The results of these simulations are shown 
in Figures 4-17,4-18,4-19,4-20 and 4-21. 
The effect of higher values of porosity on the change in aqueous 
concentration ratios is similar for each of the NAPL mixtures. For the NAPL 
mixtures where component A has a pure-phase solubility of 1,000 mg/L, B/A 
ratios are slightly higher for lower values of M a l  NAPL content. This is the 
case because each equilibration step removes an appreciable proportion of the 
NAPL when initial NAPL contents are Iow. This effect is not observed for the 
NAPL mixture where component A has a pure-phase solubility of 100 mg/L 
(see Figure 421). For the examples shown in Figures 4-19 and 4-20, a B/A 
ratio of 0.1 could relate to a value of NAPL remaining of 0.52 or 0.50 
depending on the value of the initial NAPL content speafed. Consequently, 
the effect of initial NAPL content is relatively rninor. 
As illustrated in the preceding sections, the aqueous concentration 
ratios calculated by the ESM are affected to only a minor degree, by values of 
foc, porosity and initial NAPL content which Vary over the range of values 
expected at actual field sites. 
The aqueous concentration ratios calculated by the ESM are determined 
principally by the effective solubility of the NAPL components. The effective 
solubility is defined by the NAPL composition and pure-phase solubilities of 
the components according to Raoult's Law. The potential error in effective 
solubility calculated by Raoult's Law may be less than 10% for simple 
mixhires to 50% of more for complex mixture of organic compounds. A 
series of simulations were performed to evaluate the effect of errors in 
effective solubility on the aqueous concentration ratios calculated by the ESM. 
Four binary NAPL mixtures were considered with component pure- 
phase solubilities of 1,000 mg/L and 500 mg/L; 1,000 mg/L and 100 mg/L; 
1,000 mg/L and 10 mg/L; and, 1,000 mg/L and 1 mg/L, respectively. For each 
NAPL mixture, simulations were performed assuming that the effective 
solubility values of the components were in error by +15% and -15%. The 
initial NAPL composition of each mixture was adjusted for the error analyses 
so that the initial aqueous concentration ratios of the different simulations 
were equal. The results of these simulations are shown in Figures 4-22 
through 4-29. 
These simulations illustrate that relativeiy smaii errors in the effective 
solubility of the NAPL components may have a signxfïcant effect on the 
aqueous concentration ratios calculated by the ESM for the later stages of 
dissolution. The effect on the aqueous concentration ratios is similar in 
magnitude, but opposite in àirection, for a given error in the effective 
solubility of component A or component B. For example, in Figures 4-24 and 
4-25, a B/A ratio of 1.0 could relate to a value of NAPL remaining of 0.45 for 
no error in solubility, or 0.48 for an error in +15% in the solubility of 
component A. Similarly, a B/A ratio of 1.0 could relate to a value of NAPL 
remaining of 0.45 for no error in solubility or 0.40 for an error of +15% in the 
solubility of component B. 
When applyuig ESM simulations to cases of groundwater 
contamination in which the NAPL composition is known, the initial 
aqueous concentrations ratios can be compared to the predicted initial ratios 
to provide an indication of potential errors in the effective solubility of the 
components. However, at actual field sites where the NAPL composition is 
not known and the examination of initial aqueous concentration ratios is not 
possible, some form of generic error analysis may be warranted due to the 
potentid effect of errors in effective solubility on the aqueous concentration 
ratios calculated by the ESM. 
Another source of potentiai error in the aqueous concentration ratios 
predicted by the ESM is the case where the actual NAPL consists of other 
components not accounted for in the calculations. This might be the case at 
sites of contamination by complex multi-component NAPL, especiaiiy when 
not a l l  components of the NAPL cause measurable aqueous-phase 
contamination of the groundwater. In most cases the "unknown" 
components are low-solubility hydrocarbons. 
The presence of unknown components will affect the aqueous 
concentrations predicted for the known components because the unknown 
component will alter the mole fraction of the known components in the 
NAPL. The presence of unknown components should not alter the ratios of 
the known components. 
Figure 430  shows the results of ESM simulations for a binary NAPL 
mixture having component solubilities of 1,000 mg/L and 100 mg/L. In one 
case, there is no unknown component, while in the other cases there is an 
unknown component that comprises 50 wteoh of the NAPL. For the cases 
where the unknown component is present, the NAPL remaining is expressed 
in terms of the mass of the known components remaining. For the 1-cell 
configuration there is no difference in predicted aqueous concentration ratios 
when there is an unknown component present. Figure 4-31 shows a similar 
cornparison for a IO-ceU configuration. In this case, the presence of an 
unknown component appears to have a siight effect on the predicted ratios, 
presumably because the unknown component influences the 
chromatographie effect of the greater nurnber of cells. The overall effect on 
the predicted ratios is small. 
4.5 CONCLUSIONS REGARDINC THE ESM 
The Effective Solubüity Mode1 (ESM) has the potential to be a usefd 
tool in evaluating in the dissolution of multi-component NAPL. Predictions 
of the changes in aqueous concentration ratios versus NAPL mass remaining 
can be made without specific assurnptions regarding the geometry of the 
NAPL source zone, groundwater flow rates or mass transfer coefficients. The 
results of ESM simulations are most sensitive to the NAPL composition, the 
purephase solubilities of the NAPL components, and the number of 
equilibration c d s  specified in the model. The results of the ESM simulations 
are insensitive to the other model input parameters: fiaction orgMc carbon 
in the aquifer, porosity or initial NAPL content. 
Equiiibration Cell 
NAPL mass 
Aqueous mass and sorbed mass 
imported from retained from 
previous step 
Calculations: 
1. Total mass assigned to NAPL phase. 
2. Calculate mole fractions of components. 
3. Calculate aqueous concentrations based 
on Raoult's Law. 
4. Calculate aqueous mass. 
5. Calculate sorbed mass. 
6. Calculate revised NAPL mass. 
7. Calculate NAPL-filled porosity. 
8. Calculate water-filled porosity. 
9. Repeat calculations 2 - 8 until change in 
aqueous concentration between iterations 




Figure 4-1. Schematic of calculation sequence for the Effective Çolubility Model. 
1.0 0.9 0.8 0.7 0.6 0.5 0-4 0.3 0.2 0.1 0.0 
NAPL Remaining 
ml- 
Mix 2 - 
Mix3-  
Mix 4 - 
Additional Input Parameters: 
Total Porosity - 03 
L - 0.m1 
NAPL Content - 15 L/ms 
Figure 42. Aqueous concentration ratios predicted by ESM for binary 




0.1 ! I I I I I I I 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 2  0.1 0.0 
NAPL Remaining 
Additional input Parameters: 
Total Porosity - 0 3  
f, - o.ooO1 
NAPL Content - 15 L/m3 
- 50 mL/g (component A) 
K, - 100 mL/g (component 8) 
Figure M. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 500 mg/L (component B) for l-cd, 1Nell 
and lûûcell cdgurations. 
0.01 l I I 1 I I I 1 I I 1 
1.0 0.9 0-8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional Input Parameters: 
Total Porosity - 0.3 
f, - 0.oool 
NAPL Content - 15 L/m3 
IL - 50 mL/g (component A) 
K, - 500 mL/g (cornponent 8) 
Figure 44. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with purephse solubilitiés of 1,ûûû  mg/^ 
(component A) and 100  mg/^ (component B) for 1-ceK lû-cell 
and 100~ei i  configurations. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 3  0.1 0.0 
NAPL Remaining 
Addi tional input Parameters: 
Total Porosity - 0.3 
fL - 0.OOol 
NAPL Content - 15 L/m3 
K, - 50 mL/g (component A) 
I(, - 5,Oûû mL/g (component B) 
Figure 45. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubiiities of 1,000 mg/L 
(component A) and 10 mg/L (component 8) for l-cell, 1O-cei.l 
and 100xeli configurations. 
1.0 0.9 0.8 0-7 0.6 0.5 0.4 O 3  0.2 0.1 0.0 
NAPL Remaining 
Additional Input Parameters: 
Total Porosity - 0 3  
f, - 0 .m1  
NAPL Content - 15 L/m3 
L - 50 mL/g (component A) 
L - 50,000 mL/g (component B) 
Figure 4-6. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 1 mg/L (component B) for l-ceil, 10~el l  
and lûûceii configurations. 
File:(Fig4-6) No. Cells =4'Pl0tr 
Additional Input Parmeters: 
10-Cell Configuration L - 50 mL/g (component A) 
Total Porosity - 0 3  K, - 100 mL/g (component B) 
NAPL Residual Content - 15 L/m3 
Figure 4-7. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,ûûû mg/L 
(component A) and 500 mg/L (component B) for f, values of 
O1ûûû1,0.ûû1 and 0.01. 
1.0 0.9 0.8 0.7 0.6 O S  0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional input Panneters: 
IO€& Configuration Id - 50 mL/g (component A) 
Total Porosity - 03 L - 500 mL/g (component 8) 
NAPL Residual Content - 15 L/m3 
Figure 4-8. Aqueous concentration ratios preciicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 100 mg/L (component 8) for f, values of 
0.0001,0.001 and 0.01. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0 3  0.2 0.1 0.0 
NAPL Rernaining 
AdditionaI input Parmeters: 
IO-Cell Configuration K, - 50 mL/g (component A) 
Total Porosity - 03 K, - 5,000 mL/g (component B) 
NAPL Residual Content - 15 L/m3 
Figure 4-9. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubiiities of 1,000 mg/L 
(component A) and 10 mg/L (component B) for f, Aues  of 
O.ûûû1,O.ûûl and 0.01. 
1.0 0-9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0-1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
1Kd Configuration 
Total Porosity - 0 3  
NAPL Residual Content - 15 L/m3 
K, - 50 mL/g (component A) 
K, - 50,000 mL/g (cornpment 8) 
Figure 4-10. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,ûûû mg/L 
(cornponent A) and 1 mg/L (component 8) for f, values of 
0.0001,0.001 and 0.01. 
.O 0.9 0-8 0.7 0.6 0.5 0.4 0.3 0 2  0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
1 K e U  Configuration 
Total Porosity - 0 3  
NAPL Residual Content - 15 L/m3 
K, - 500 mL/g (component A) 
K, - 5,000 mL/g (component 8) 
Figure 411. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 100 mg/L 
(component A) and 10 mg/L (component 8) for f, values of 
0.0001,O.ûûl and 0.01. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0 3  02 0.1 0-0 
NAPL Remaining 
Additional Input Parmeters: 
10€d Configuration 
L - o.ooO1 
NAPL Residual Content - 15 L/m3 
Id - 50 mL/g (component A) 
K, - 100 mL/g (component B) 
Figure 4-12. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubïiities of 1,ûûû mg/L 
(component A) and 500 mg/L (component B) for porosity 
values of 0.2,0.3 and 0.4. 
I 
0.1 
1.0 0.9 0.8 0-7 0.6 0.5 0.4 0.3 0 2  0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
10Cell Configuration 
L - 0.0001 
NAPL Residual Content - 15 L/m3 
L - 50 mL!g (component A) 
IL - 500 mL/g (component 8) 
Figure 413. Aqueous concentration ratios predicted by ESM for b i n q  
NAPL mixture with purephase solubilities of 1,Oûû mg/L 
(component A) and 100 mg/L (component B) for porosity 
values of 0.2,0.3 and 0.4. 
1.0 0.9 0-8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
10Kd Configuration 
fL - o.Ooo1 
N U L  Residual Content - 15 L/m3 
L - 50 mL/g (component A) 
K, - 5,000 mL/g (component B) 
Figure 414. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of l,ûûû mg/L 
(component A) and 10 mg/L (component B) for porosity 
values of 0.2,0.3 and 0.4. 
1 1 I I 
1 
0.001 - 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 O 2  0.1 0.0 
NAPL Remaining 
Additionai Input Parmeters: 
10-Ceil Configuration 
L - o.oo01 
NAPL Residuai Content - 15 L/m3 
K, - 50 mL/g (component A) 
K, - 50,000 mL/g (component B) 
Figure 4-15. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 1 mg/L (component B) for porosity 
values of 0.2,0.3 and 0.4. 
-0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0-0 
NAPL Remaining 
Addi tional hput Parmeters: 
10-Ce11 Configuration 
L - 0.000 1 
NAPL Residual Content - 15 L/m3 
K, - 500 mL/g (component A) 
K, - 5,000 mL/g (component B) 
Figure 4-16. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 100 mg/L 
(component A) and 10 mg/L (component 8) for porosity 
values of 0.2,0.3 and 0-4. 
Additional input Parmeters: 
10-Cell Configuration 
Total Porosity - 0 3  
f, - 0.001 
K, - 50 mL/g (component A) 
K, - 100 mL/g (component B) 
Figure 417. Aqueous concentration ratios predicted by ESM for binary 
- NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 500 mg/L (component 8) for NAPL 
residual contents of 5 L/m3, 15 L/m3, and 50 L/m3. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0-3 0.2 0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
10-Ceii Configuration 
Total Poroçity - 03  
f, - 0.001 
L - 50 mL/g (component A) 
& - 500 mL/g (component B) 
Figure 4 1  8. Aqueous concentration ratios predicted by ESM for b i n q  
NAPL mixture with pure-phase solubiüties of 1,000 mg/L 
(component A) and 100 mg/L (component 8) for NAPL 
residual contents of 5 L/m3, 15 L/m3, and 50 L/m3. 
1.0 0.9 0.8 0.7 0.6 0-5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional Input Parmet ers: 
10-Ceil Configuration 
Total Porosity - 0.3 
f, - 0.001 
K, - 50 mL/g (component A) 
K, - SB00 mL/g (component B) 
Figure 4-19. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,ûûû mg/L 
(component A) and 10 mg/L (component 8) for NAPL 
residual contents of 5 L/m3, 15 L/m3, and 50 L/m3. 
C 1 1 I 1 IZ 1 1 1 1 I 
1 
J 
1 1 , I  i I 1 
I 12 
.O 0.9 0.8 0.7 0.6 0.5 0.4 0.3 02 0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
10Ceii Configuration 
Total Porosity - 0 3  
f, - 0.001 
K, - 50 mL/g (component A) 
K, - 50,ûûû mL/g (component 8) 
Figure 420- Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with putephase solubilities of 1,000 mg/L 
(component A) and 1 mg/L (comportent B) for NAPL 
residual contents of 5 L/m3, 15 L/m3, and 50 L/m3. 
.O 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 2  0.1 0.0 
NAPL Remaining 
Additional Input Parmeters: 
IO€& Configuration 
Total Porosity - 03 
r, - 0.001 
IL - 500 mL /g (cornponent A) 
K, - 5,000 mL/g (component B) 
Figure 421. Aqueous concentration ratios predicted by ESM for b i n q  
NAPL mixture with pure-phase solubiiities of 100 mg/L 
(component A) and 10 mg/L (component B) for NAPL 










1.0 0.9 0.8 0-7 0.6 0.5 0.4 0.3 0 3  0.1 0.0 
NAPL Remaining 
Additionai Input Parameters: 
l K e l l  Configuration 
Total Porosity - 0 3  
f, - 0.0001 
16, - 50 mt/g  (component A) 
16, - 100 mL/g (component B) 
NAPL Residual Content - 15 L/m3 
Solubility A+15% - 1,150 mg/L 
Solubfity A-15% - 850 mg/L 
Figure 4-22 Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubiiities of 1,000 mg/L 
(component A) and 500 mg/L (component B) for +15% and 








1.0 0.9 0.8 0.7 0.6 O S  0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional input Parameters: 
lKeU Configuration 
Total Porosity - 0 3  
L - o.oO01 
K, - 50 mL/g (component A) 
K, - 100 mL/g (component 8) 
NAPL Residual Content - 15 L/rn3 
Solubility B+15% - 575 mg/L 
Solubility &15% - 425 mg/L 
Figure 443. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture w ith pure-phase solubilities of 1,000 mg/ L 
(component A) and 500 mg/L (component B) for +15% and 
-15% error in the solubiüty of component B. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additionai input Parameters: 
lOCell Configuration 
Total Porosity - 0 3  
r, - o.ooo1 
K, - 50 mL/g (component A) 
K, - 500 mL/g (component 8) 
NAPL Residual Content - 15 L/mJ 
Solubiiity A+15% - 1,150 mg/L 
ÇoIubiiity A-15% - 850 mg/L 
Figure 424. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 100 mg/L (component 8) for +15% and 
-15% error in the solubiiity of component A. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 3  0.1 0.0 
NAPL Remaining 
Additional Input Parameters: 
IO€& Configuration 
Total Porosity - 0 3  
L - 0.m1 
id - 50 mL/g (component A) 
16, - 500 mL/g (component B) 
NAPL Residuai Content - 15 L/m3 
Solubility B+15% - 115 mg/L 
Solubility 8-15% - 85 mg/L 
Figure 4-25. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1 ,ûûû mg/ L 
(component A) and 1 0  mg/L (component B) for +15% and 
-15% error in the solubiiity of component B. 
1.0 0.9 0.8 0-7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additional input Parameters: 
10-CeU Configuration 
Total Porosity - 0 3  
L - o.oOo1 
K, - 50 mL/g (cornponent A) 
K, - 5,ûûû mL/g (component B) 
NAPL Residual Content - 15 L/m3 
Solubiiity A+15% - 1,150 mg/L 
Solubility A-15% - 850 mg/L 
Figure 4-26. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubüities of 1,000 mg/L 
(component A) and 10 mg/L (component 8) for +lSoh and 
-15% error in the solubility of component A. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 3  0.1 0.0 
NAPL Remaining 
Additional input Parameters: 
IO-Ceii Configuration 
Total Porosity - 0 3  
f, - 0 .m1 
K, - 50 mL/g (component A) 
K, - 5,000 mL/g (component B) 
NAPL Residud Content - 15 L/m3 
Solubility &15% - 115 mg/L 
Solubility 515% - 8 5  mg/L 
Figure 427. Aqueous concentration ratios prediaed by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 10 mg/L (component 8) for +15% and 
-15% error in the solubiiity of component B. 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 3  0.1 0.0 
NAPL Remaining 
Additional Input Parameters: 
1Kd Configuration 
Totai Porosity - 0 3  
L - o.OoO1 
K, - 50 mL/g (component A) 
IL - 50,ûûû mL/g (component B) 
NAPL Residual Content - 15 L/mJ 
Solubiiity A+15% - 1,150 mg/L 
Solubiiity A-15% - x- 6 r  /L 
Figure 428. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1,000 mg/L 
(component A) and 1 mg/L (component B) for +15% and 
-15% error in the solubility of component A. 
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1.0 0-9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
NAPL Remaining 
Additionai Input Parameters: 
1OCei.i Configuration 
Total Porosity - 0 3  
L - o.ooo1 
Id - 50 mL/g (component A) 
L - 50AlOO mL/g (component B) 
NAPL Residual Content - 15 L/m3 
Solubility b15% - 1.15 mg/L 
SoIubiiity B-15% - 0.85 mg/L 
Figure 4-29. Aqueous concentration ratios predicted by ESM for binary 
NAPL mixture with pure-phase solubilities of 1 ,O  mg/L 
(component A) and 1 mg/L (component 8) for +15% and 
-15% error in the solubility of component B. 
1 -CeIl Configuration 
0.01 4 I I I I I I I 
1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 
NAPL Remaining 
Additionai Input Parameters: 
Total Porosity - 0 3  Component A - 25 wt.% 
L - 0.OOOl Comportent B - 25 wt.% 
NAPL Residual Content - 20 L/m' Unknown Component - 50 wt.% 
Sohbility - 1,O mg/L (component A) 
Solubility - 100 mg/L (component 8) 
Figure 4-30. Aqueous concentration ratios predicteâ by lceil ESM for 
NAPL mixtures having an unlaiown (UnK) component 
with different purephase solubiiity values. 
1 O-Cell Configuration 
0.01 
1.0 0.9 0.8 0.7 0-6 O S  0.4 0.3 
WPL  Remaining 
Additional Input Parameters: 
Total Porosity - 0 3  Component A - 25 wt.% 
fL - O.oOO1 Cornponent B - 25 wt.% 
NAPL Residual Content - 20 L/m3 LJnknown Component - 50 wt.% 
Solubility - 1,000 mg/L (component A) 
Solubility - 100 mg/L (component B) 
Figure 431. Aqueous concentration ratios predicted by 1û-cei.i ESM for 
NAPL mixtures having an unknown (UnK) componait 
with different pure-phase solubility values. 
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5. COMPARISON OF RESULTS OF LABORATORY STUDIES TO ESM 
ESM simulations were compared to the results of three published 
laboratory column dissolution experirnents. In each experiment, the NAPL 
composition and mass of NAPL placed in the column was known, and the 
aqueous concentrations emitted from the column were measured. Aqueous 
concentration ratios and the NAPL mass remaining were determined from 
the experimental data. This aiIowed direct cornparison to ESM simulations. 
Mackay et ai. (1991) performed a laboratory column dissolution 
experiment using a mixture of monodiloro-, tridiloro-, tetradiloro-, 
pentachioro- and hexachlorobenzene. The chemical composition of this 
NAPL mixture and the properties of its components are shown in Table 5-1. 
This experiment used a "generator column" rather than a column padced 
with nahval porous medium. The generator column method for the 
evaluation of NAPL dissolution was described by Shiu et al. (1988). The 
generator column consisted of a 30-cm long, 0.64-an diameter, stainless steel 
tubing packed with chromasorb W (30/60 mesh or 0.59 mm to 0.25 mm 
diameter). Chromasorb is comprised of porous polymer beads and is used in 
chromatography applications. The diromasorb beads were coated with 0.3 mL 
of the NAPL mixture prior to placement in the column Water was passed 
through the column at a rate of 1 to 5 ml/minute and the column effluent 
was analysed by high-performance liquid chromatography (HPLC). 
The measured aqueous concentrations are shown in Figure 5-1 plotted 
versus the ratio, Q, of the cumulative volume of water passed through the 
column relative to the initial volume of NAPL in the column. Mackay et al. 
(1991) expressed the results of their experiments in terms of Q, rather than 
time or column pore volumes, so that the experiments results are plotted 
here also versus Q. The aqueous concentrations of pentadilorobenzene and 
hexadilorobenzene are not shown because they occurred at concentrations 
dose to the detection limit of the analytical method and did not Vary 
significantiy during the experilnent. Chlorobenzene (CBz) has the highest 
effective solubility and was dissolved preferentially from the NAPt. 
Chlorobenzene concentrations deduied rapidly with inaeasing Q and alrnost 
disappeared as Q approached a value of 10,000. As chlorobenzene 
concentrations declined, 1,2,4trichîorobenzene (124-TCBz) concentrations 
increased and then remained relatively constant until Q approached at value 
of about 22,000. At this point, 1,2,4-trichlorobenzene concentrations dedined. 
The concentrations of 1,2,3,5-tetrachlorobenzene (1235-TeCBz) remained 
constant during the experiments at a value just above the analytical detection 
limit- 
The measured aqueous concentration ratios of 124-TCBz/CBz, 1235- 
TeCBz/CBz and 1235-TeCBz/124-TCBz are shown in Figures 5-2,5-3 and 5-4, 
respectively, plotted versus Q. The measured aqueous concentration ratios of 
124-TCBz/CBz, 1235-TeCBz/CBz and 1235-TeCBz/ 124-TCBz are shown in 
Figures 5-5,5-6 and 5-7, respectively, plotted versus the mass of NAPL 
remaining. The ratios of 124-TCBz/CBz and 1235-TeCBz/CBz inaeased 
rapidly as chlorobenzene dissolved from the NAPL. The ratio of 1235- 
TeCBz/l24TCBz inçreased only at the later stages of dissolution. 
5.1.2 COMPARISON T  ESM 
The ESM was used to simulate the changes in aqueous concentrations 
and concentration ratios for dissoiution of the chlorinated benzene mixture. 
The properhes of the components listed in Table 5-1 were used as input data. 
The column packhg was assumed to have a dry bulk density of 1,458 kg/m3, 
a total porosity of 0.45 and negligible potential for sorption (i.e. very low foc). 
The initial NAPL content was assumed to be 15 ~/ rn3 .  Using these parameter 
values, simulations were performed for 1-cell, 2-ceil and 4-celi configurations. 
The number of cells used is the only parameter not defined by the NAPL or 
porous medium properties. 
The measured aqueous concentrations versus Q are compared to the 
aqueous concentrations predicted by the ESM in Figures 5-8,5-9 and 5-10 for 
the 1-cell, 2-ceil and 4-ceii configurations, respectively. For aU three 
configurations, the measured initial aqueous concentrations compared very 
well to the effective solubility values calculated by Raoult's Law. These 
values are shown in Table 5-2. This indicates that chemical equiiibrium is 
attained between the water and NAPL as water flows through the columri. It 
indicates also that Raoult's Law is an appropriate method for the calculation 
of effective solubility. The aqueous concentrations caiculated by the ESM 
compare reasonably weli with the measured concentrations for aii three cell 
configurations. The results of the 2-cell configuration provide the best match 
to the measured chiorobenzene concentrations and the 3-cell configuration 
provides the best match for the l,2,4-trichlorobenzene concentrations. 
The measured aqueous concentration ratios versus NAPL remaining 
are compared to the aqueous concentration ratios cakulated by the ESM in 
Figures 5-11,542 and 5-13 for the 124-TCBz/CBz, 1235-TeCBz/CBz and 1235- 
TeCBz/ 124-TCBz ratios, respectively. For the 124-TCBz/CBz ratio, the results 
of the 2-cell configuration provide the best match to the measured ratios. A 
small number of ceUs would be comist with a short NAPL zone which does 
not cause an appreuable diromatographic effect. For the 1235-TeCBz/CBz 
ratio, the results of the 4-ceii configuration provide the best match to the 
measured ratios but the match is still relatively poor. None of the 
simulations compare well to the measured 1235-TeCBz/124-TCBz ratios. The 
discrepancy in the number of cells required for a match between the 124- 
TCBz/CBz ratio (i.e. 2-cell) and the 1235-TeCBz/CBz ratio (i.e. 4-ceU), and the 
lack of match for the 1235-TeCBz/l24-TCBz ratio may be due to the fact the 
aqueous concentrations of 1235-TeCBz were dose to the analytical detection 
M t  and did not reflect the aqueous concentrations accurately. 
Ramanantsoa et al. (1986) performed a laboratory column dissolution 
expriment using a mixture of petroleum hydrocarbons indudïng: 
cydohexane, 23-dimethyl butane and hexane. The chernical composition and 
properties of this mixture are shown in Table 5-3. This experiment used a 
sand-filled column containing NAPL at residual saturation. Water was 
passed through the column and the aqueous concentrations in the column 
effluent were measured by inErared spectrometry. 
The measured aqueous concentrations are shown in Figure 5-14 plotted 
versus the ratio, Q. Ramanantsoa et al., (1986) expressed the results of their 
experiments in terms of Q rather than time or column pore volumes of 
water, so the experimental results are plotted here also as Q. Cydohexane 
(CHex) has the highest effective solubility and is removed preferentially from 
the NAPL. Cydohexane concentrations dedined rapidly with increasing Q, 
and almost disappeared as Q approached a value of 1,000. As cydohexane 
concentrations dedined, 23-dimethyl butane (DMB) and hexane (Hex) 
concentrations increased until each, in turn began to dedine as NAPL was 
depleted. Dimethyl butane disappeared at a value of Q of 1,700 and hexane 
disappeared at 2,000. 
The measured aqueous concentration ratios of Hex/CHex, Hex/DMB 
and DMB/CHex are shown in Figures 5-15,5-16 and 5-17, respectively, plotted 
versus Q. The measured aqueous concentration ratios of Hex/CHex, 
Hex/DMB and DMB/CHex are shown in Figures 5-18.5-19 and 5-20, 
respectively, plotted versus the mass of NAPL remaining. AU the measured 
concentration ratios increased rapidly as components were dissolved 
sequentially from the NAPL according to their effective solubility. 
5.2.2 COMPIWSON TO ESM 
The ESM was used to simulate the changes in aqueous concentrations 
and concentration ratios for dissolution of the petroleum hydrocarbon 
mixture. The properties of the components listed in Table 5-3 were used as 
input data. The column padcing was assumed to have a dry bulk density of 
1,458 kg/& a total porosity of 0.45 and negligible potential for sorption (i.e. 
very low foc). The initial NAPL content was assumed to be 15 ~ / m 3 .  Using 
these parameter values, simulations were performed for 1-celi, 5-cell and 10- 
ceU configurations. The number of ceils used is the only parameter not 
defined by the NAPL or porous medium properties. 
The measured aqueous concentration ratios versus NAPL remainuig 
are compared to the ratios predicted by the ESM in Figures 5-21,522 and 5-23 
for Hex/CHex, Hex/DMB, and DMB/Hex, respectively, each for 1-cell, 5-ceii 
and 10-cell configurations. With the exception of CHex, the measured initial 
aqueous concentrations compared reasonably w d  to the effective solubility 
values calculated by Raoult's Law. These values are shown in Table 5-4. The 
measured aqueous concentration for CHex was 26.5 mg/L compared to a 
value of 21 mg/L predicted by Raoult's Law. The aqueous concentration 
ratios calculated by the ESM do not compare well with the measured 
concentration ratios for the 1-ce11 configuration. This indicates that the 
chromatographie effect alters the aqueous concentratiow emitted from the 
NAPL residual. The results of the IO-ceU configuration provide the best 
match to the measured ratios, but the quality of the match is much better for 
the Hex/DMB ratio than the Hex/CHex or DMB/CHex ratios. This is may be 
due to the fact that the aqueous concentrations for CHex predicted by Raoult's 
Law were lower than the measured concentrations. 
Geiler and Hunt (1993) performed a laboratory column dissolution 
experiment using a mixture of benzene and toluene. The chernical 
composition of this NAPL mixture and properties of its components are 
shown in Table 5-5. The column consisted of 5-cm diameter, 15- long glass 
tubing packed with 40-45 mesh (0.42 mm to 0.35 mm diameter) silica glass 
beads. A volume of 1.39 m L  of NAPL mixture was injected into the centre of 
the column via a needle and syringe. Water was passed through the column 
at a rate equivalent to a Darcy velocity of 5 m/day. The column effluent was 
analysed by gas chromatography. 
The measured aqueous concentrations are shown in Figure 5-24 plotted 
versus the nurnber of column pore volumes of water. Geiler and Hunt 
expressed the resuits of their experiments in terms of column pore volumes, 
rather than tirne or water:NAPL ratio, Q, so the experimental results are 
plotted here also versus column pore volumes. Benzene (€32) has the highest 
effective solubility and was removed preferentiaily from the NAPL. Benzene 
concentrations dedined rapiàly with inaeasing pore volumes, and almost 
disappeared as the number of pore volumes approached a value of 100. 
The measured aqueous concentration ratios of ToI/Bz are shown in 
Figures 5-25, plotted versus the number of column pore volumes. The 
measured aqueous concentration ratios of Tol/Bz are shown in Figures 5-26, 
plotted versus the mass of NAPL remaining. 
5.3.2 COMPARISON TO ESM 
The ESM was w d  to sirnulate the changes in aqueous concentrations 
and concentration ratios for dissolution of the benzene-toluene mixture. The 
properties of the components listed in Table 5-5 were used as input data. The 
column packing was assumed to have a dry buik density of 1,647 kg/m3, a 
total porosity of 0.39 and negligible potentid for sorption (Le. very low foc). 
The initial NAPt content was assumed to be 15 ~ / m 3 -  Using these parameter 
values, simulations were performed for 1-ceil? 2-ceil and 3-ceii configurations. 
The measured aqueous concentration ratios versus NAPL mass 
remaining are compared to the ratios predicted by the ESM in Figure 5-27 for 
1-ce& 2-ceil and 3-celi configurations. For ail three configurations, the 
measured initial aqueous concentrations were far less than the effective 
solubility values calculated by Raoult's Law. These values are shown in 
Table 5-6. This indicates that chernical equilibrium was not attained between 
the water and NAPL as water flows through the column. This is likely due to 
the high water velocity and NAPL zone geometry in the column. However, 
despite the fact that the magnitude of the aqueous concentrations was far less 
than effective solubility, the measured initial aqueous concentration ratio was 
identical to the predicted initial ratio. This indicates that dilution effects 
caused the lowering of aqueous concentration, but Raoult's Law and the ESM 
are still appropriate method for the calculation of aqueous concentration 
ratios. The results of the 2-ceU configuration provide the best overall match 
to the measured ratios. 
For the three laboratory experiments considered here, the aqueous 
concentration ratios calculated by the ESM compare favourably with the 
measured concentration ratios as the ratios change durùig NAPL dissolution. 
For the experiments using the chlorinated benzene mixture and the 
benzene-toluene mixhue, the ratios calculated by the l-ceil configuration of 
the ESM compare reasonably well with the measured ratios. SLightly better 
matches between the calculated and measured ratios were obtained by 2-ceU 
or 4-celi configurations. For the experiment uçing the petroleum 
hydrocarbon mixture, a reasonable match between the calculated and 
measured ratios required a 10-cell configuration of the ESM. 
For application to an actual field site, ESM simulations would be used 
to calculate the expected change in aqueous concentration ratios versus the 
NAPL mass remaining. The change in aqueous concentration ratios observed 
at the site during some period of routine groundwater monitoring, or during 
groundwater extraction, would be then compared to the ESM calculations to 
allow prediction of the NAPL mass remaining at the site. 
In its simplest 1-cell configuration, the ESM requKes no "fitting 
parameters". The results of ESM simulations are dependent principally on 
the NAPL composition and the solubilities of the NAPL components. 
Information on the properties of the porous medium are required for the 
ESM, but the results of the simulations are iwensitive to these parameters. 
No specific information is required on the groundwater flow rates, diemical 
mass transfer coefficients or dilution effects. 
If the 1-ceU configuration of the ESM were used to evaluate the dianges 
in aqueous concentration ratios in the three laboratory experiments without 
knowledge of the actual NAPL mass remaining, reasonable predictions of the 
NAPL remaining could be made for the chiorinated benzene and benzene- 
toluene mixtures. For example, as shown in Figure 5-11, at the point where 
the measured 124-TCBz/CBz ratio reached 0.25, the ESM predicted the NAPL 
mass remaining to be 0.7 whereas the true NAPL mass remaining was 0.64. 
Similarly, at the point where the measured 124-TCBz/CBz ratios reached 20, 
the ESM predicted the NAPL mass remaining to be 0.47 whereas the true 
NAPL remaining was 0.53. In cornpanson to the large uncertainty in 
estimating the mass contained in NAPL source zones by direct soil sampling 
and analysis, errors in prediction of NAPL remaining equivaient of 0.06, or 
6% of the NAPL mass, are very smail. 
Predictiom of NAPL mass remaining by the 1-ceii configuration of the 
ESM would not be as diable for the experiment using petroleum 
hydrocarbons. For example, as shown in Figure 5-21, at the point where the 
measured Hex/CHex ratio reached 0.3, the ESM predicted the NAPL mass 
remaining to be 0.73 whereas the tnie NAPL mass remaining was 0.49. 
Similariy, at the point where the measured Hex/CHex ratios reached 10, the 
ESM predicted the NAPL mass remahhg to be 0.16 whereas the tme NAPL 
rernaining was 0.30. The error in the prediction of NAPL mass remaining is 
considerably larger in this experiment than in the other two experiments. 
It must be recognized that the number of cells used in the ESM is a 
generïc representation of the length of the NAPL residual zone. It is possible, 
or even iikely, that the results of smail-scale laboratory experiments 
measured in centimeires c m  be represented by 1-ceil configuratiow of the 
ESM whereas larger-scaie NAPL zones at field sites camot. The following 
chapter describes the results of two field-scale dissolution experiments for 
cornparison to the ESM. 
Table 5-1. Composition and properties of dilorinated benzene mixture. 
Key: 
CBz - Chlorobenzene 
124-TCBz - 1,2,4-Trichlorobenzene 
1235-TeCBz - 1233-Tetrachloroberrzene 
PCBz - Pentachlorobenzene 
HCBz - Hexachiorobenzene 
[1] Madcay et ai. (1 991) 










Table 5-2. Cornparison of measured initial aqueous concentrations to 
effective solubility values calculated by Raoult's Law for the 


























































. Solubility (mq/L) 
Key: 
CHex - Cydohexane 
DMB - 23-Dimethyl butane 
Hex - Hexane 
[1] Ramanantsoa et al. (1986) 




Table 5-4. Cornparison of measured initial aqueous concentrations to 
effective solubility values calculated b y Raoult's Law for the 














2,3-Dimethyl Butane Hexane 
26.5 7.5 4.0 





[l] Geiier and Hunt (1993) 





Cornpanson of measured initial aqueous concentrations to 
effective solubiiity values caldated by Raoult's Law for the 
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O 5,000 10.000 15,000 20,000 25,000 
WaterNAPL Ratio, Q 
Key: 
CBz - ChIorobemene 
124-TCBz - l,2,4-Trichiorobenzene 
1235-TeCBz - 1,2,3,5-Tetrachloro benzene 
Figure 5-1. Measured aqueous concentrations for mixture of 
chlorobenzenes in a laboratory column experiment. 
Data from Mackay et al. (1991). 
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WatecNAPL Ratio, Q 
Key: 
CBz - Chlorobenzene 
124-TCBz - 1,î,4-Trichiorobenzene 
Figure 5-2. Measured trichlorobenzene/dilorobenzene ratios for 
dissolution of a mixture of dtlorobenzenes. 
Da ta from Mackay et al. (1991). 
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WatecNAPL Ratio, Q 
Key: 
CBz - Chlorobenzene 
1235-TeCBz - l23$-Tetrachlorobenzene 
Figure 5-3. Measured tetradilorobenzene/dilorobenzene ratios for 
dissolution of a mixture of chlorobenzenes. 
Data from Mackay et al. (1991). 
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WaterNAPL Ratio. Q 
Key: 
124-TCBz - l,î,4-TrichIorobemene 
1235-TeCBz - 1,23,5-Tetrachiorobenzene 
Figure 54. Measured tetradilorobenzme/trichlorobenzene ratios for 
dissolution of a mixture of chlorobenzenes. 
Data from Madcay et al. (1991). 
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CBz - Chlorobenzene 
124-Taz - l,2,4-Trichlorobenzene 
Figure 5-5. Measured tridilombenzene/chlorobenzene ratios versus 
NAPL remaining for dissolution of a mixture of 
chlorobenzenes. 
Data from Mackay et al. (1991). 
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CBz - Chlorobenzene 
1235-TeCBz - 1,î3,5TetrachIorobenzene 
Figure 5-6. Measured tetrachlorobenzene/dtlorobenzene ratios versus 
NAPL remaining for dissolution of a mixture of 
chlorobenzenes 
Data from Mackay et al. (1991). 
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Figure 5-7. Measured tetrachiorobenzene/ triùùorobenzene ratios versus 
NAPL remaining for dissolution of a mixture of 
chlorobenzenes. 
Data from Madcay et al. (1991). 
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-___ 1 23 5-TeCBz: ESM 
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WaterNAPL Ratio, Q 
Key: 
CBz - Chiorobenzene 
124-TCBz - 1,2,4-Trichiorobenzene 
1235-TeCBz - 1235-Tetrachioro benzene 
Figure 5-8. Cornparison of measured aqueous concentrations to 
aqueous concentrations predicted using the ESM for l-ceii 
configuration. 
Data from Mackay et al. (1991). 
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1235-TeCBz - 1,2,3,5Tetradilorobenzene 
Figure 5-9. Cornparison of measured aqueous concentrations to 
aqueous concentrations predicted using the ESM for 2cell 
configuration. 
Data from Mackay et al. (1991). 
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Key: 
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124-TCBz - l,2,4-Trichlorobenzene 
1235-TeCBz - 1,233-Tetradirorobenzene 
Figure 5-10. Cornparison of measured aqueous concentrations to 
aqueous concentrations predicted using the ESM for k e i i  
configuration. 
Data from Madcay et al. (1991). 
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124-TCBz - l,î,4Trichlorobenzene 
Figure 5-1 1. Cornparison of measured tridilorobenzene/chlorobenzene 
ratios to ratios predicted using the EÇM for i d ,  2cefl and 
Il-ceU configurations. 
Data from Mackay et al. (1991). 
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Figure 5-12. Cornparison of measured tetradilorobaizene/d\lorobenzene 
ratio to ratios predicted using the ESM for l-cell, 2ce l l  and 
4-cell configurations. 
Data from Mackay et al. (1991). 
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Figure 5-13. Cornparison of measured tetradilorobenzene/ trichlorobenzene 
ratios to ratios predicted uçing the ESM for l-ceii, 2ceii and 
k e i l  configurations. 
Data trom Madcay et ai. (1991). 
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Figure 5-14. Measured aqueous concentrations for mixture of 
hydrocarbons in a laboratory column dissolution experiment. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-15. Measured hexane/cydohexane ratios for dissolution of a 
mixture of hydrocarbons. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-16. Measured hexane/dirnethyl butane ratios for dissolution of a 
mixture of hydrocarbons. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-17. Measured dimethyl butane/cydohexane ratios for 
dissolution of a mixture of hydrocarbons. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-18. Measured hexane/cydohexane ratios versus NAPL remaining 
for dissolution of a mixture of hydrocarbons. 
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Figure 5-1 9. Measured hexane/dimethyl butane ratios versw NAPL 
remaining for dissolution of a mixture of hydrocarbons. 
Data from Rarnananûoa et al. (1986). 
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Figure 5-20. Measured dimethyl butane/cydohexane ratios versus NAPL 
remaining for dissolution of a mixture of hydrocarbons. 
Data fkom Ramanantsoa et al. (1986). 
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Figure 5-21. Cornparison of measured hexane/cydohexane ratios to 
ratios predicted using ESM for l-cell, 5 4  and lû-cell 
configurations. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-22. Cornparison of measured hexane/dimethyl butane ratios to 
ratios predicted using ESM for l-cei.ï,5-cell and 1 C k d  
configurations. 
Data from Rarnanantsoa et al. (1986). 
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Figure 5-23. Cornparison of measured dirnethyl butane/cydohexane ratios 
to ratios predicted using ESM for l-cell, 5-cd and 10xeii 
configurations. 
Data from Ramanantsoa et al. (1986). 
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Figure 5-24. Measured aqueous concentrations for a benzene-toluene 
mixture in a laboratory column dissolution experiment. 
Data from Geller and Hunt (1993). 
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Figure 5-25. Measured toluene/benzene ratios for dissolution of a 
benzne-toluene mixture. 
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Figure 5-26. Measured toluene/benzene ratios versus NAPL remaining 
for dissolution of a benzene-toluene mixture. 
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Figure 5-27. Cornparison of measured toluene/benzene ratios to ratios 
predicted using ESM for lcell, 2 d  and 3-ce.ü 
configurations. 
Data from Geiler and Hunt (1993). 
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A controlIed field-scale dissolution expriment, referred to here as the 
Emplaced-Source Experiment, was conducted to examine the dissolution of a 
residual NAPL source of chiorinated solvents in a sandy aquifer. This 
experiment was performed at the University of Waterloo Borden field 
experimental site beginning in the fall of 1989. This experiment allowed 
examination of the dissolution of a NAPL residual zone larger than those 
represented in laboratory experiments. A residual NAPL source zone of 
known mass, composition and geometry was emplaced dïrectly in the 
groundwater zone, and the aqueous concentrations emitted from the NAPL 
zone were measured. Aqueous concentration ratios and the NAPL mass 
remaining were determined from the experimental data. This allowed direct 
cornparison of the experimental results to ESM simulations of NAPL 
dissolution. 
The Borden experimental site is located in an unconfined sandy aquifer 
at the Canadian Forces Base Borden, Ontario (see Figure 6-1). The Borden 
aquifer is comprised of unconsolidated glaaolacustrine sand. The Emplaced- 
Source (ES) site is situated in an area where the aquifer is approximately 10 m 
thidc. The ES experiment takes place in the upper portion of the aquifer. The 
lower portion of the aquifer has been contaminated by a former domestic 
waste IandnU (see Figure 6-2). 
Ducing the past two decades, the area around the ES site has been host 
to numerous natural-gradient tracer tests which have studied the physical 
and chernical processes controlling the transport of inorganic and organic 
contaminants in groundwater. The location of these previous experiments 
and references to their results are shown in Figure 6-2. These experirnents 
involved the injection of a finite pulse of aqueous-phase contaminant into 
the aquifer, foiiowed by detailed three-dimensional monitoring of the 
aqueous-phase plume as it rnigrated away from the injection location. The ES 
experiment differs from these previous experiments in that a zone of residual 
NAPL contamination was emplaced directed in the aquifer below the water 
table to a d  as an on-going source of aqueous-phase contaminants. 
The ES experiment was designed to examine various aspects of the 
dissolution of the NAPL source zone and the resdtant migration of the 
aqueous-phase plumes. A specific objective of the ES experiment was to 
examine the dissolution of a multi-component NAPL mixture under field 
conditions, and evaluate whether temporal changes in aqueous concentration 
ratios may be used to determine the mass of contaminants contained in 
NAPL residuai zones. This is the work desdbed in this chapter. 
Other objectives of the ES experiment induded: evaluation of the 
retardation of the aqueous-phase plumes; modeling of dispersion of plumes 
emitted from continuous sources; and, evaluation of the performance of 
groundwater pump-and-treat for plume remediation. Other studies have 
induded: modelïng of dispersion of plumes affected by fluctuating 
groundwater flow direction; and, the evaluation of soil-gas s w e y s  for 
delineation of aqueous-phase plumes situated below the water table. An 
overview of the Emplaced-Source Experiment was provided by Rivett, 
Feenstra and Cherry (1991). Evaluations of retardation and dispersion of the 
aqueous-phase plumes are provided by Rivett, Feewtra and Cherry (1992, 
1994a and 1994b). The evaluation of soil-gas surveys is provided by 
Rivett (1995) and a preliminary evaluatiorr. of groundwater pump-and-treat 
performance is provided by Rivett (1993). 
The ES expriment is located in an area where the sand aquifer is about 
10 m to 12 m in thickness. The water table occurs at 2.5 m to 3.0 m below 
ground surface. The leachate plume created by the nearby landfiU occurs 
about 8 m below ground surface. The ES experirnent was performed in the 
uncontaminated zone of groundwater above the leachate plume. 
A schematic diagram of the source zone is shown in Figure 6-3. The 
source zone is a rectanguiar block measuring 1.5 m in length, 1.0 m in height, 
and 0.5 rn in thickness. The top of the source zone was placed approximately 
0.9 m below the seasonal low water table elevation. The long dimension of 
the source zone was oriented to be perpendicular to the direction of 
groundwater measured in the late sumnier. Subsequent monitoring 
determined that the groundwater flow direction varies seasonally over an arc 
of about 30". 
The source consists of native sand excavated from the source zone, 
mixed with 18 L of NAPL. This volume of NAPL represented a saturation of 
2.5% of the bulk source volume, or about 6.3% of the pore space in the source 
zone. At this saturation value, the NAPL wodd be immobile and represent a 
residual NAPL source. 
The NAPL cowisted of 9.7% by weight TCM (chloroform), 12.5% TCE 
(tridiloroethylene) and 47.6% PCE (tetrachloroethylene). These compounds 
were selected to provide a wide range in pure-phase solubility: 8,700,000 pg/L, 
1,400,000 pg/L and 240,000 pg/L, for TCM, TCE and PCE, respectively- The 
source material also contained 72 kg of gypsum powder added to provide 
sulfate as an inorganic tracer for studies of retardation of the aqueous-phase 
plumes. 
In order to place the source zone, a backhoe was used to excavate 2.5 m 
thcough the vadose zone down to the water table. At the base of the 
excavation, a 2.0 m long by 1 .O m wide cell was constructed using inter10cking 
steel sheet piling. The sheet piling extended to a depth of 3.0 m below the 
water table, to a total depth of 5.5 m below ground surface. The area within 
and around the sheet piling ceil was dewatered using a system of five 5-an 
diameter weiis pumped at a total rate of 120 L/min. After about 12 hours, the 
water table inside the cell dedined suffiaently and the sand inside the ceU 
was excavated to a depth of 5.0 m below ground surface. Sand removed h m  
the source zone was mixed in 40 L batches with the solvent mixture and 
gypsum powder for about 3 minutes, in a gasoline-powered mortar mixer. 
After mixing, the batches where placed and compacted inside a removable 
steel form with the final dimensions of the source zone. A total of 720 L of 
source material was placed in the source zone. Source mùllng and placement 
took about 3 hours. Native sand was placed and compacted in annula space 
between the source form and the sheet piling, and the source form was 
removed. Native sand was then placed and compacted above the source zone 
to the level of the former water table. 
The source zone and aquifer material within the sheet piling cell was 
allowed to resaturate over a period of 2 hours by graduaily reducing the 
groundwater pumping rate. Some dean water was also introduced to the top 
of the ce11 to minimize the movement of aqueous-phase contaminants up 
through the source zone as the zone resaturated with water. After recovery of 
the water table, the sheet pilings were removed to permit horizontal 
groundwater flow through the NAPL source zone. The vadose zone 
excavation was badcfilled to ground surface wing native sand materials. 
The source zone was exposed to groundwater flow on October 18,1989. 
Monitoring of the dissolution of the source zone continued for more than 
1,000 days. Growth of the aqueous-phase plumes occurred under natural 
gradient conditions for the first 475 days. After that time, a groundwater 
purnp-and-treat system was installed to intercept the aqueous-phase plumes 
emitted from the source zone- The pump-and-treat system did not influence 
the dissolution of the source. 
The hydrogeological conditions, dissolution of the source zone, and 
the migration of the aqueous-phase plumes were studied using an extensive 
array of monitoring weiis, multi-level groundwater samplers and aquifer 
cores. The layout of the ES site is shown in Figure 6-4. The overd site is 
about 100 m in length and 65 m in width. 
Groundwater flow directions and hydraulic gradients were determined 
from a network of 50 water table monitoring weils. Water table 
measurements were performed every 7 to 14 days during the fKst 450 days of 
the experiment. 
The dissolution of the source zone and migration of the aqueous-phase 
plumes were determined from a network of 173 multi-level groundwater 
samplers consistuig of over 2,300 individual sampling points. At each 
sampler location, up to 14 groundwater samples could be collected h m  
different depths in the aquifer. A section diagram of the vertical locations of 
groundwater monitoring points dong the centre line of the aqueous plumes 
is shown in Figure 6-5. During the course of the experiment, more than 8,200 
groundwater samples were coliected and analysed. 
The principal groundwater monitoring data to be considered in this 
chapter were coliected from the array of 8 multi-level groundwater samplers 
located dosest to the source zone. This array is located 1 m downgradient of 
the source zone and is referred to as, the 1-m Fence. A section diagram 
showing the locations of the 106 monitoring points dong the 1-m Fence is 
shown in Figure 6-6. Groundwater samples were collected most kequently 
from the 1-m Fence to evaluate source zone dissolution and less frequently in 
downgradient areas to evaluate plume migration. 
A total of 16 cores of aquifer material were coilected also from the 
ES site for the determination of hydraulic conductivity. Cores were coiiected 
from the source zone on three occasions to determine the chernical 
composition of the source zone. 
Water table monitoring installations consisted of 3.75-an or 5-cm 
diameter PVC drive-point wells. Each well had a 1.5-m long slotted screen 
and was instalied to a depth suitable to intersect water table through its range 
of seasonal variation. Water levels were measured using an electric water 
level finder tape. 
The multi-level groundwater samplers consisted of a bundle of 3.2-mm 
diameter Teflon samphg tubes attached to a central 2-cm diameter rigid PVC 
pipe. Each tube was open at the end with the opening covered by nylon 
screening. Most samplers had 14 monitoring points installed at different 
depths within the aquifer. The vertical spacing between monitoring points 
was 20 an to 30 an. The lateral s p a ~ g  between monitoring locations ranged 
from 0.5 m to 4.0 m. The majority of multi-level samplers were installed 
inside a temporary casing a v e n  to the desired depth using a pneumatic 
hamrner. The end of the ternporary casing was plugged during driving with a 
disposable steel drivepoint. At the desired depth, the prefabricated sampler 
bundle was inserted and the drivepoint knocked out. The sampler was held 
in place while the temporary casing was removed. The aquifer sand is 
cohesionless and collapses around the sampler bundle. This method of 
sampler installation has been used successfully in the Borden aquifer since 
the work of Sudicky et al. (1983) with no evidence of "short-circuiting" 
between monitoring points. Some samplers were installed through a 
temporary casing used first to coilect aquifer cores. 
A Id-place manifold system was used to coilect groundwater samples 
simultaneously from all m o n i t o ~ g  points in a sampler bundle. This 
sampling system was described b y Mackay et al. (1986). The manifold system 
is constructed of stainless steel tubing and fittings. Groundwater was drawn 
by vacuum from the monitoring point tubes into the manifold, where it 
passed into an 18-mL glass sample vial and then a 20-mL polyethylene vial 
prior to entering a 125-mL glass vacuum flask. At least 100 mL of 
groundwater was purged from each point and flushed through the sample 
vial pnor to collection of the sample. This water volume represents about 
9 tubing volumes for a monitoring point of average depth. This volume of 
water represents the groundwater drawn from a sphere with a radius of 4 c m  
around the monitoring point- After purging the required water volume, the 
flow-through heads on the glas and polyethylene vials were removed. The 
glass vials were sealed immediately with a Teflon-lined mbber septa and 
crimp-on caps, and used for the analysis of chlorinated solvents The 
polyethylene vials were sealed with polyethylene-lined caps, and used for the 
analysis of sulfate. Between multi-level sampler locations, the tubing and 
fittings of the manifold were blown out with air and wiped dry to prevent 
cross contamination of sam ples. In addition, w henever possible, the 
sequence of sampling proceeded from areas of low aqueous concentrations to 
areas of higher concentrations. 
The analysis of chlorinated solvents in groundwater was performed 
using a pentane extraction method sunilar to that described by Glaze et 
al. (1983). Samples with low aqueous concentrations were extracted usuig a 
pentane:water ratio of 1:6. Samples with higher aqueous concentrations 
required pentane:water ratios up to 1,000:l. Aliquots of pentane extracts were 
analysed by direct injection to a Varian 3300 gas chromatograph with electron 
capture detector. The detection limits were 5 pg/L for TCM and 1 pg/L for 
both TCE and PCE. Replicates of field samples a .  laboratory quality control 
standards indicated a standard error (standard deviation/mean) of 5% to 15% 
in the chlorinated solvent analyses. This analytical error is small in 
cornparison to that which would be expected in resulh from commeraal 
analytical labotatories (see Table 2-26). 
Aquifer cores and source zone cotes were coilected using the piston- 
coring method of Starr and Ingleton (1992). Aquifer cores downgradient of 
the source zone were continuous 5-art diarneter cores ranging from 4.0 rn to 
6.0 m in length. The cores were divided into 5-an long segments for the 
laboratory determination of hy draulic conductivity using the fallhg head 
permeameter method of Sudicky (1986). Hydraulic conductivity values were 
corrected to the ambient groundwater temperature of 10°C. 
Cores were couected from the centre of the source zone for the analysis 
of solvent concentrations. The cores were divided into 5-an long segments 
from which 2 cm3 of sand was transferred immediately into a glass via1 
containing 20 mL of methanol. ALiquots of methanol extract were diluted, as 
required, and analysed by direct injection to a Varian 3300 gas chromatograph 
with electron capture detector. Dupiicates of field samples indicated a 
standard error (standard deviation/mean) of about 7% in the chlorinated 
solvent analyses. 
The Borden aquifer at the ES site is comprised of medium-grained to 
fine-grained glaaolacustrine sand, with occasional beds of coarse sand & 
grave1 or silt, and exhibits distinct iaminatiom or bedding features. 
Individual beds range from several mijlimetres to several centimetres in 
thickness. Bedding is primarily horizontal but cross-bedding and convolute 
bedding features also occur commonly. Although the Borden aquifer exhibits 
a notable degree of textural variability, it is relatively homogeneous when 
compared to many other sandy aquifers. 
The hydraulic conductivity of the Borden aquifer at the ES site was 
found to range from 1.6 x 10-5 cm/s to 3.1 x 10-2 cm/s based on  the results of 
764 permeameter tests from 16 cores. The geometric average hydraulic 
conductivity was 6.3 x 10-3 cm/s. This geometric average value compares 
well with the geometric average value of 7.2 x 10-3 an / s  obtained by 
Sudicky (1986). Of particular interest for this study are the results of Core 3 
collected at location ES3 (see Figure 6-6), situated 1 m directly downgradient 
of the source zone. These data are shown in Figure 6-7. Values ranged fiom 
1.6 x 10-3 cm/s to 1.7 x 10-2 cm/s, with a geometric average of value of 
6.6 x 10-3 cm/s. These values compare weil with the general site conditions. 
There is a zone of lower hydraulic conductivity values at elevatiom 95.3 m to 
95.8 m corresponding to the central portion of the source zone which extends 
from 95.1 m to 96.1 m. Higher hydraulic conductivity values occurred 
adjacent to the upper and lower portions of the source zone. The arithmetic 
average hydrauiic conductivity for Core 3 was 7.7 x 10-3 cm/s. This value is 
used in Section 6.7.1 to calculate the chernical mass flux across the 1 m Fence. 
One core was coliected from the source zone immediately followuig 
installation. The hydrauiic conductivity of the source zone materiai is lower 
than the aquifer material by a factor of 2.5 times because of the presence of the 
residual NAPL and gypsum powder in the source zone. Hydraulic 
conducüvity of the source materiai ranged ftom 1.7 x 10-3 an /s to 
5.8 x 103 an/s with a geornetric average of 2.8 x 1 0 6  an/s  and an arithrnetic 
average of 3.0 x 10-3 cm/s. The source core shows the same trend as Core 3 
with the lowest hydraulic conductivity in the central portion of the source 
zone and higher values in the upper and lower portion of the source zone. 
The source zone was oriented with its long dimension perpendicular 
to the direction of groundwater measured in the late summer of 1989 when 
the ES experiment was designed. However, monitoring has shown that the 
average direction of flow differed slightly from the assurned direction, and 
there was a substantiai seasonal fluctuation in flow direction. 
Figure 6-8 shows the fluctuation in water table elevation in a typical 
well, and the change in interpreted groundwater flow direction during the 
first 450 days of the ES experiment. The elevation of the water table 
fluctuated seasonaiiy by about 0.8 m, with the highest levels occurring from 
150 days to 250 days (spring and early summer) and lowest levels occurrïng 
hom O days to 150 days and 250 days to 400 days (fali and winter). 
The direction of groundwater flow fluctuated over an arc of about 30'. 
A negative flow angle shown in Figure 6-8 is directed to the left, relative to a 
iine pointing downgradient of the source and perpendicular to the source. 
The direction of flow was generaily between -SO and -IO0 (ia. dose to 
perpendicular to the source), with the flow angle inaeasing during periods of 
low water level. Large deviations in flow direction from -25' to -35' appear to 
occur in response to rapid dedines or increases in water table elevation. The 
fluctuations in the direction of flow influenced the position of the aqueous- 
phase plumes monitored at the 1 m Fence. 
The hydraulic gradient detennined by the dope of the water table 
fluctuated seasonally, in concert with the elevation of the water table. The 
hydraulic gradient was highest (0.0064 m/m) when the water table was high 
and lowest (0.0034 m/m) when the water table was low (see Figure 6-9). The 
average hydraulic gradient was 0.0051 m/m. 
Based on the geometric average hydraulic conductivity, hydraulic 
gradient and a porosity value of 0.33, the average linear groundwater veloaty 
is calculated to be 8.4 cm/day. 
Despite attempts to minimize the handling of source material and the 
time requïred for placement in the subsurface, it was expected that some loss 
of solvents would occur as a result of volatilization to the atmosphere. As a 
result, a core was collected from the centre of the source zone for chemical 
analysis immediately following installation of the source. The solvent 
concentrations expressed as weight % of the NAPL are shown in Figure 6-10 
together with the original solvent concentrations in the NAPL. Although the 
solvent concentrations in the source core were relatively uniform within the 
source zone, 46% of the TCM and 24% of TCE was lost d u ~ g  placement. 
Only 5% of the PCE was lost during placement. The relative degree of loss of 
the differeni solvents is proportional to their vapor pressures. The 
composition and chemical masses of the NAPL source zone are summarized 
in Table 6-1. 
Groundwater monitoring and soil-gas sunreys conducted following 
installation of the source determined that some very smaii quantities of 
source materiai were spiiied at the ground surface where the source mixing 
took piace, in the vadose zone at the wall of the excavation, and about 0.4 m 
to 1.4 m above the source zone. The groundwater plumes and soil-gas 
plumes aeated by this material differs in composition and location from 
those created by the source zone. The spiüed material remained at the 
ground surface for 2 days before the excavation was badcfilled and almost ail 
of the TCM and most of the TCE was lost. Groundwater monitoring points 
affected by this extrarteous material are not induded in the following 
evaluation of source zone dissolution. A more complete description of the 
interpretation of the effects of the spilied material is provided by Rivett (1995) 
The aqueous-phase solvent plumes downgradient of the source zone 
were sampled in detail on five occasions at 56 days, 90 days, 125 days, 194 days 
and 322 days following emplacement of the source. The arriva1 or 
"breakthrough" of aqueous-phase solvents was monitored more hequently at 
selected monitoring points. The extents of the aqueous-phase plumes at 
322 days are shown in Figure 6-11. The concentration contours shown in this 
figure are based on concentrations at each multi-level sampler location, 
averaged vertically over the thickness of the plume. The TCM plume was 
about 50 m long and 6 m wide. A longitudinal vertical section of the TCM 
plume at 322 days is shown in Figure 6-12. The concentrations in this figure 
represent the concentrations at individual monitoring points. 
Concentrations in the core of the plume exceeded 100,000 pg/L. The plume 
had a thickness of up to 3 m. The TCE plume was slightly smailer than the 
TCM plume, about 45 m in length. The PCE plume was about 30 m in length. 
The extents of the aqueous-phase plumes refiect the different degree of 
retardation of the three solvents. Based on cornparison to the migration of 
the suifate from the source zone and preliminary transport modeling, the 
retardation factors are estimated to be 1.0,l.l and 1.6 for K M ,  TCE and PCE, 
respectively (Rivett, Feenstra and Cherry, 1992). 
In February of 1991,475 days after emplacement of the source zone, a 
groundwater pump-and-treat system was commenced in order to prevent 
m e r  expansion of the aqueous-phase plumes. Three pumping welis were 
situated dong the centre line of the aqueous-phase plume at distances of 
25 m, 37 m and 45 m from the source zone (see Figure 6-13). The weils were 
constnicted of 51n diameter PVC casing with 3-m long slotted screens open 
over the vertical extent of the plumes. Each well pumped at 3.5 L/min. to 
8 L/min. The extracted water was treated on granular activated carbon to 
remove the solvents and was re-injected to the aquifer about 150 m away 
fiom the ES site. 
nie operation of the pump-and-treat system accomplished relatively 
rapid remediation of the aquifer in the area between the purnping wells. The 
shrinkage of the plumes is illustrated in Figure 6-14. The area upgradient of 
PW-2 was not remediated because of the continued dissolution of the source 
zone. A more detailed description of the pump-and-treat remediation is 
provided in Rivett (1993). 
In June of 1991,600 days after emplacement of the source and whiie the 
pump-and-treat system was in operation, an experimental in situ treatment 
wall was installed 5 m downgradient of the source zone to intercept the 
aqueous-phase plume. The treatment wail war comprised of sand and 
elemental iron and relied on reductive dehalogenation reactions to degrade 
the chlorinated solvents. The w d  designed to provide treatment of TCE and 
PCE to less than 5 pg/L h m  influent concentrations of approximately 
250,000 pg/L and 43,000 pg/L, respectively. However, the treatment effiaency 
was found to be only 90% to 95% so that concentrations of 5,000 pg/L to 
10,000 pg/L continued to migrate beyond the wall toward pumping well 
PW-2. A more detailed description of the in situ treatment waü is provided 
by GiiIham (1996). 
The p ~ a p a i  data considered in evaluation of dissolution of the NAPL 
source zone were the results of groundwater sampling from the 1 m Fence. 
Samples were collected hom the 1 m Fence on 32 occasions following 
emplacement of the source. The final complete set of samples was collected at 
1,029 days. These data were used to calculate the diemical mass flux from the 
NAPL source zone and the rate of source depletion. The monitoring data 
were w d  also to calculate the temporal changes in aqueous concentrations 
and concentration ratios duting dissolution of the source. ïhese results were 
then compared to the results of the ESM. 
The initial effective solubiiities of TCM, TCE and PCE are 680,000 bg/L, 
610,000 pg/L and 120,000 ~lg/L, respectively, based on the initial NAPL source 
composition and Raoult's Law. These calculations are shown also in 
Table 6-2. Aqueous concentrations as high as the initial effective solubility 
values were observed only in a smaU nurnber of monitoring points directly 
downgradient from the central portion of the source zone. Concentrations 
are lower around the margin of the source zone. Figure 6-15 shows the 
aqueous concentrations at monitoring point EÇ-2-8 in the centre of the 
plume. Peak concentrations of TCM, TCE and PCE were 680,000 pg/L, 
690,000 pg/L and 120.000 pg/L, respectively, and compare weli with the 
calculated initial effective solubilities. This observation supports further the 
applicability of Raoult's Law for mixtures of dilorinated solvents. 
Aqueous concentrations measured dong the 1 m Fence Vary in 
response to preferential dissolution of the more soluble components from the 
NAPL source, and in respowe to seasonal fluctuations in groundwater flow 
direction. At monitoring point ES-2-8 (see Figure 6-15}, TCM begins to dedine 
after about 200 days as a resuit of depietion of the source. Concentrations 
fluctuate also in response to seasonal changes in groundwater flow direction. 
The seasonal changes in groundwater flow direction caused the plumes 
to Vary in location. The forms of the aqueousphase plumes dong the 
1 m Fence are shown in Figure 6-16 on 6 occasions at 90 days, 173 days, 
230 days, 322 days, 630 days and 922 days. These occasions were selected to 
illustrate the principal changes which occurred in the plumes. The 
concentration contours were drawn in SpyglassQ9 Transform Version 3.0 
using a 0.01 m grid with kemel smoothing. 
At times of 90 days, 173 days, and 922 days, groundwater flow was 
oblique to the source and the plumes was shifted to the right of the source 
zone. For example, at these tirnes oniy low aqueous concentrations were 
obsemed at monitoring location E S 3 .  Higher concentrations were observed 
in ES3 at 230 days and 630 days because the groundwater flow direction had 
shifted to be more perpendicular to the source zone. At 322 days, monitoring 
Location ES3 was in the high-concentration cores of the plumes. The shifts in 
position of the plumes makes it difficult to evaluate the monitoring results of 
individual monitoring points. Figure 6-17 shows the temporal variation in 
aqueous concentrations at monitoring point ES-3-9. Concentrations were 
high at 200 days to 400 days, and again at about 600 days when groundwater 
flow shifted the plumes to the right of the source zone. These shifts make it 
difficult to identify the temporal trend in concentrations or concentration 
ratios. 
At later ümes, the size of the TCM plume and magnitude of the TCM 
concentrations dedined as TCM was dissolved preferentiaily from the NAPL 
source zone (see Figure 6-16). The size of the plumes and magnitude of 
concentrations for TCE and PCE did not diange notably during the 1,029 days 
of monitoring. 
Although the overall sizes of the piumes are simiiar to the size of the 
source zone, the high-concentration centres of the plumes are much srnaller 
than the source. This condition is likely the result the nature of groundwater 
flow t h u g h  and around the source. The hydraulic conductivity of the 
source zone is about 0.4 of the hydraulic conductivity of the surroundhg 
aquifer material. This difference in hydrauüc conductivity resdts in a 
divergence of groundwater upgradient of the source zone and convergence of 
flow downgradient of the source zone. Based on three-dimensional 
groundwater flow modeiing performed by Guiguer (1993), the divergence and 
convergence of flow takes place within about 0.5 m of the source zone. 
The convergence of flow downgradient of the source zone resulted in 
dilution of the margins of plumes. Figure 6-18 shows the temporal variation 
in aqueous concentrations at monitoring point ES-2-12 situated at the lower 
margin of the plume. This point is only 0.8 m below ES-2-8 but 
concentrations were only generally less than 1,000 pg/L compared to values of 
100,000 vg/L of more in ES-2-8. 
The verticai profiles of hydraulic conductivity in the source zone and 
aquifer (see Figure 6-7) show zones of higher hydraulic conductivity at the 
upper and lower portions of the source zone. This would cause higher rates 
of groundwater in these zones compared to that in the central portion of the 
source zone and further accentuate the dilution effect of divergent- 
convergent groundwater flow. 
Further evaluation of the temporal variation in aqueous 
concentrations and ratios caused by dissolution was performed on values 
averaged over multiple monitoring points. The primary purpose of the 
averaging was to minimize the effect of temporal variations in aqueous 
concentrations caused by changes in groundwater flow direction. in addition, 
aqueous concentrations averaged verticaily over al l  the monitoring points in 
a sarnpler bundle is iikely a reasonable approximation of the results that 
would be obtained h m  a conventional monitoring weii with an intake of 
moderate length (Le. sever al mettes). Aqueous concentrations averaged over 
the fidi area of the 1 m Fence is Uely a reasonable approximation of the 
resdts of a groundwater extraction well which intercepted flow over a large 
area. 
The temporal variations in aqueous concentrations for monitoring 
locations ES-4, ES-3, ES2,  E S 4  and ES-28 are shown in Figures 6-19,6-20,6-21, 
6-22 and 6-23, respectively. Locations E S 4  and E S 2 8  were located at the 
lateral margins of the plumes and exhibited elevated concentrations only 
sporadically. Location ES3 and ES-1 intersected the central portion of the 
plumes for short periods of time. Locations ES-2 intersected the central 
portion of the plumes consistently. 
Area-averaged aqueous concentrations c m  be detetmined by a variety 
of methods. The sirnplest method is the ïhiessen polygon method in which 
the concentration measured at each monitoring point is weighted according 
to the lateral and vertical spacing between adjacent monitoring points. Other 
methods involve different numerical schemes for interpolating the 
concentrations between the values measured at the monitoring points. Such 
methods include inverse distance interpolation and kriging. Guiguer (1993) 
calculated area-averaged concentrations using the Thiessen method, inverse 
distance and knging. The Thiessen method yielded the highest area-averaged 
values, but a l l  the other methods were within 5% to 20% of the Thiessen 
method values. The inverse distance and kriging methods tend to smooth 
concentration gradients between points and cutoff peak values. In the case of 
the 1 m Fence, the value of the area-averaged concentration is determined 
Largely by the resdts from ody 4 to 6 monitoring points of the total of 106. As 
a result, the Thiessen polygon method was selected as the prefmed method 
here, to preserve the influence of the peak concentration values. 
The temporal variation in the area-averaged aqueous concentrations is 
shown in Figure 6-24. TCM concentrations peaked at about 100 days and 
exhibited a steady dedine until concentrations reached very low ievels at 
about 600 days. This trend reflects the preferential dissolution of TCM from 
the NAPL source zone. Concentrations of TCE and PCE remauied relatively 
steady during the experiment despite the continued dissolution of the source. 
This is an illustration of how a NAPL source zone can provide an on-going 
source of aqueous-phase contarninants to the groundwater. These area- 
averaged concentration values wili be used in the following section to 
caiculate the degree of mass depletion of the source zone. 
The quantity of NAPL mass remaining in the source zone was 
determined primarily by the difference between the initiai mass and the 
cumulative diemical mass aossing the 1 m Fence. The quantity of NAPL 
mass remaining in the source was estimated also based on the analysis of 
source cores coilected at 399 days and 1,128 days after emplacement of the 
source. The mass flux from the source was provided also by the monitoring 
of pumping well PW-2 in the pump-and-treat system. 
The chemicai mass flux across the 1 m Fence at different t he s  during 
the experiment was calculated using the tirne-varying area-averaged aqueous 
concentrations, the average hydraulic conductivity of the aquifer, and the 
the-varying hydraulic gradient. The time-varying area-averaged 
concentrations are shown in Figure 6-24. The average hydraulic conductivity 
of the aquifer at the 1 m Fence was 7.7 x 10-3 un/s (see Figure 6-7). The 
hydraulic gradient at the ES site was measured only during the first 450 days 
of the experiment. For the purpose of these mass flux calculations, the same 
seasonal fluctuation in gradient observed in the first year was extrapolated to 
the second and third years of the experiment. The measured and extrapolated 
values for the hydraulic gradient are shown in Figure 6-25. 
During the first year of the experiment. aqueous concentrations were 
measured on 23 occasions and hydrauiic gradient determined on 40 occasions. 
For this period, mass flux calculations were based on the measured value of 
the hydraulic gradient which occurred dosest to the time of groundwater 
sampling. In contrast, aqueous concentrations were measured on only 
9 occasions during the second and third years of the experiment. For this 
reason, mass flux calculations for the second and third years were based on 
the average hydraulic gradient for the tirne period between sampling events. 
These average hydraulic gradient values are shown also in Figure 6-25. 
The temporal variation in calculated diemical mass flux crossing the 
1 m Fence is shown in Figure 6-26. The mass flux of TCM reached about 
5 g/day at about 200 days and then dedined to very low levels after 600 days in 
response to preferential dissolution from the source zone. The mass flux of 
TCE reached about 8 g/day for the first 300 days and then dropped to about 
4 g/day. The mass flux of PCE remained at 1 g/day to 3 g/day during the 
entire experiment. 
The change in NAPL mass with time was calculated from the initial 
chemical mass in the source zone and the cumulative mass aossing the 
1 m Fence. These calculations are shown in Figure 6-27. The rate of source 
dissolution was greatest as TCM was removed from the NAPL source and 
slowed between 300 days and 600 days as TCM reached low concentrations. By 
the end of the experiment at 1,029 days, the NAPL mass remaining was 0.7 of 
the initial mass. The plot of NAPL mass remaining versus time is used 
Sections 6.8 and 6.9 to evaiuate the reiatiomhip between aqueous 
concentration ratios and the NAPL mass remaining. 
Estimates of the chemical mass remaining in the source zone were 
detennined ais0 from the analysis of source cores collected at 399 days and 
1,128 days. The results of these analyses are shown for TCM, TCE and PCE in 
Figure 6-28, 6-29 and 6-30, respectively. The chemical concentrations in these 
figures are expressed as a percentage relative to the iniüal core concentration. 
At 399 days, the average TCM concentration in the source zone was 14% of 
the initial value. By 1,128 days, the source zone was devoid of TCM. The 
average TCE concentration in the source core was 88% of the initial value at 
399 days and 28% of the initial value at 1,128 days. Because of its lower 
solubility and high proportion in the NAPL, there was no measurable decline 
in PCE in the source core at 399 days and only a slight deche to 96% of the 
initial concentration at 1,128 days. 
It is also evident in the results of the TCE analyses of the source cores 
that dissolution of the source zone is not uniform. At 1,128 days there had 
been preferential removal of TCE from the upper portion and lower portion 
of the source zone. Preferential removal from these zones may have been the 
result of higher hydraulic conductivity in the aquifer and source (see 
Figure 6-7). However, there was also preferential dissolution of TCE from a 
0.1 m thidc zone in the central portion of the source. Based on the analyses of 
the source cores, the NAPL mass remaining in the source was 0.90 at 399 days 
and 0.63 at 1,128 days. These estimates are shown in Figure 6-31 and compare 
favourably with those calculated from the mass aossing the 1 m Fence. 
From 475 days until700 days, pumping weil PW-2 intercepted the total 
chernical mass ernitted from the source zone. Unfortunately, it is not possible 
to relate the mass removal from PW-2 to the mass remaining in the source 
zone at a speafic time because there is a delay of 200 to 300 days for aqueous- 
phase solvents to migrate fIom the source to PW-2, and because the in situ 
treatment wali was instaiied between the source and PW-2 at 600 days. 
However, the monitoring results of PW-2 can provide an estirnate of the 
chemical mass fiux from the source during the period from about 500 days to 
700 days. 
The aqueous-phase concentrations in PW-2 are shown in Figure 6-32. 
TCM concentrations dedined steadily as TCM was depkted hom the source. 
TCE and PCE concentrations deciined initially, but leveled off during the 
period from 600 days to 700 days. These steady concentrations reflect the mass 
flux from dissolution of the source zone. After 700 days, the concentrations 
declined in response to the removal of solvents by the in sztu treatment wall. 
The chemical mass flux from PW-2 is shown in Figure 6-33. For the 
period of steady aqueous concentrations from 600 days to 700 days, the TCE 
mass flux was 3 g/day to 4 g/day and the PCE mass flux was 1 g/day to 2 g/day. 
These values compare dosely to the mass flux values calculated crossing the 
1 m Fence (see Figure 6-26). 
The seasonal fluctuations in groundwater flow direction and shifts in 
position of the aqueous-phase plumes make it difficult to evaluate trends in 
aqueous concentrations and concentrations ratios at individual monitoring 
points and at sampler bundles that do not intersect the plumes continually. 
The most consistent aqueous concentration-the data are derived fiom the 
area-averaged concentrations for the 1 m Fence and fkom monitoring 
locations ES02 and ES-1. 
The temporal variation in aqueous concentration ratios for the area- 
averaged concentration for the 1 m Fence is shown in Figure 6-34. The 
TCE/TCM and PCE/TCM ratios increased graduaiiy to 400 days as TCM was 
dissolved preferentiaily. During the late stages of TCM dissolution, 
TCE/TCM and PCE/TCM ratios inaeased markedly. PCE/TCE ratios 
increased gradually during the experiment. These trends in aqueous 
concentration ratios are those expected for the preferential dissolution of 
TCM and then TCE from the NAPL source zone. In this controlled field 
experiment, the change in NAPL mass remaining is known and aqueous 
concentration ratios can be plotted versus NAPL remaining in the manner 
shown in Chapters 4 and 5. These data are shown in Figure 6-35. In this case, 
the rate of dissolution of the NAPL source is relatively constant (see 
Figure 6-31) so that the plot of ratios versus NAPL r e m m g  is similar to the 
plot of ratios versus tirne. 
Sirnilar plots of aqueous concentration ratios at monitoring locations 
ES2 and ES-1 are shown in Figures 6-36,6-37,6038 and 6-39. These figures 
show the same consistent inaeases in TCE/TCM and PCE/TCM ratios as 
those for the area-averaged concentrations for the 1 m Fence. Similar trends 
are observed in smali nurnber of individual m o n i t o ~ g  points. Plots of 
aqueous concentration ratios at monitoring point ES-2-8 are shown in 
Figures 6-40 and 641. The consistency of the trends in these data are 
favourable for cornparison to predictions by the ESM. 
At sampler bundles which did not intersect the plumes continually, 
and at most individual moniroring points, the temporal variation in aqueous 
concentrations ratios is erratic Plots of aqueous concentration ratios at 
monitoring location E S 3  and monitoring point ES-3-9 are shown in 
Figures 6-42,6043,644 and 6-45. Although these figures show a general 
increase in TCE/TCM and PCE/TCM ratios, the magnitude of the fluctuations 
is sufficiently large to predude cornparison of these curves to the predictions 
of the ESM. Plots of aqueous concentration ratios at monitoring locations 
ES4 and ES28 are shown in Figures 646,6-47,6-48 and 6-49. These locations 
were at the m a r e  of the plumes and concentration ratios show no 
discernible trends. 
6.9 COMPAIUSON OF MEASURED  TIO OS TO ESM 
The ESM was used to simulate the changes in aqueous concentration 
ratios for the dissolution of the NAPL in the ES source zone. The 
composition of the NAPL and the properties of the components used as input 
parameters to the ESM are shown in Table 6-3. The aquifer was specified to 
have a dry bu& density of 1,809 kg/m3, at total porosity of 0.33 and a fraction 
organic carbon (foc) of 0.0002. The initial NAPL content was specified to be 
20 ~ / m 3 .  Using these parameters values, simulations were performed for 
1-cell, 2-cell and 5-ceii configurations. The number of ceils is the only mode1 
input parameter not defined explicitly by the NAPL and aquifer properties. 
TCE/TCM, PCE/TCM and PCE/TCE ratios versus NAPL mass 
remaining predicted b y the ESM are shown in Figures 650,6-51 and 6-52, 
respectively. The predicted ratios were compared to those site monitoring 
data that exhibited discernible trends in aqueous concentrations with tirne. 
The predicted ratios are compared to the measured ratios for the area- 
averaged concentrations crossing the 1 m Fence in Figures 6-53,6-54 and 6-55; 
for monitoring location ES2 in Figures 6956,657 and 6-58; for monitoring 
location E S 1  in Figures 6-59, 6-60 and 6-61; and, for monitoring point ES2-8 
in Figures 6-62, 6-63 and 6-64. 
The changes in TCE/TCM and PCE/TCM ratios predicted by the ESM 
compare well with the measured ratios for the area-averaged 1 m Fence, 
monitoring location ES-2 and monitoring point ES-2-8. In each of these cases 
the best match between the predicted and measured ratios is provided by the 
5-ceil configuration of the ESM. This indicates that the size and character of 
the NAPL zone is suffident to cause a chromatographie effect as aqueous- 
phase solvents dissolved from the upgradient portion of the source zone 
exchange with the NAPL present in the downgradient portion of the source 
zone. 
There is a larger degree of scatter in the TCE/TCM and PCE/TCM ratio 
data from monitoring location E S 4  and although trends are comparable to 
the 1 m Fence, ES2 and ES-2-8, it is not possible to match the measured data 
well with the results of a particular ESM conçiguration. 
It is difficult also to compare the measured PCE/TCE ratios to those 
predicted by the ESM simulations because the PCE/TCE ratios change by only 
a factor of 10 times or less during the experiment. The degree of scatter in the 
PCE/TCE ratios due to analytical variations and fluctuations in groundwater 
flow is sufficiently large to mask any trends. In contrast, the measured 
TCE/TCM and PCE/TCM ratios change during the experiment by a factor of 
1,000 tirnes or more and this change is much larger than the scatter in ratio 
data from analytical and hydrogeologic variations. 
The resuits of the Emplaced-Source experiment indicate that the 
changes in aqueous concentration ratios measured during dissolution of the 
NAPL source can be predicted with reasonable accuracy using the ESM. 
Despite the fact that NAPL source zone in the field experiment was 
larger Ki dimensions than the N M L  zones in the laboratory experiments 
described in Chapter 5, measured ratios compared well with ratios calculated 
by a 5-celi configuration of the ESM. The results of the laboratory 
experiments couid be matched using fkom 1-cell, up to 10-ceii configurations 
of the ESM. This suggests that the length of the NAPL zone is not the only 
factor which will determine the number of c eb  required by the ESM to obtain 
a suitable match. Other factors such as the pore-scale distribution of NAPt 
and pattern of groundwater flow also likely determine whether a 
chromatographie effect occw within the source zone. 
The 1-cell configuration of the ESM can be used to evaiuate the changes 
in aqueous concentration ratios in the ES experiment and estimate NAPL 
mass remaining. For example, as shown in Figure 6-53, at the point where 
the measured TCE/TCM ratio reached 1,000, the ESM predicted the NAPL 
mass remaining to be about 0.55. In comparison, the true NAPL mass 
remaining was 0.70. Simple predictions of this type using a 1-cell 
configuration of the ESM may still be useful given the much larger 
uncertainty in estimating the mass contained in NAPL source zones by other 
methods such as direct soïi sampiing and anaiysis. 
More accurate estimates of NAPL mass remaining can be made using 
multiple-cell configurations of the ESM. However, at sites of NAPL 
contamination there will be no a priori knowledge of the cell configuration 
most suitable for comparison to the groundwater monitoring data. A method 
for the comparison of field data to ESM simulations in order to select the 
most appropriate ESM configuration at a particular site is desaibed in 
Chapter 8. 
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Table 6-1. Summary of initial source composition based on source core 
analyses. 
Key: 
T'CM - Chioroforrn 
TCE - Trichioroethy lene 
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Table 6-2. Caiculation of initial effective solubilities of solvents based on 
initial NAPL source composition and Raoult's Law. 





1 initial € M i e  Solubility 1 680,000 610,000 1 120,000 1 1 
TCM Total 
8,700,000 
Mole Fraction in NAPL 
Key: 
TCM - Chloroforrn 
TCE - Trichioroethylene 






0.438 0.484 1 .O0 
Table 6-3. Composition and properties of the components in the NAPL in 
the source zone used as input parameters in the EÇM 
simulations. 
Parameter 
1 Composition (wtOh) 1 6.3 1 39.1 1 54.6 1 
Mokular Mass (q/moO 
Key: 
TCM - Chloroform 
TCE - Trichioroethylene 
PCE - Tetrachioroethylene 
TCM TC€ 1 PCE 
1 19.4 131.5 165.8 
Figure 6-1. Location of Canadian Forces Base Borden, Ontario. 
Inactive 
Sand Quarry 
Figure 6-2. Location of the Emplaced-Source experimental site at the Canadian 
Forces Base Borden. 
Other experimentai sites s h o w  are: 
1. Chloride transport - Sudicky et al., (1983) 
2. Organics transport - Sutton and Barker, (1985) 
3. Chlorinated solvents transport- Mackay et al., (1986) 
4. BTEX transport - Patrick et al., (1986) 
5. Vapor transport- Hughes et al. (1990) 
Elevation (m) 
1 00.00 rn Ground Surface 
mdaced Source Zane 
NAPL mi~ed with native sand at 
residual saturation = 6.3% 
NAPL composition when mixed = 
9.7 wt.Oh Chloroform (KM) 
42.7 wt.% Trich!oroethylene (TCE) 
47.6 wt.% Perchloroethylene (PCE) 
97.70 m Seasonal High Water Table -  
97.00 m Seasonal Low Water Table 
Flow 
Figure 6 3 .  Schematic diagram of source zone configuration for the 
Emplaced-Source Experiment. 
Source Zone 
1 m Fence 
Water Table Monitoring 
A Monitoring Point Location 
metres 
Figure 6-4. Layout of groundwater monitoring points and water 
table monitoring weils for the Emplaced-Source 
Experiment. 
Distance from Source (m) 
Figure 6-5. Locations of groundwater monitoring points dong the 
centre h e  of the aqueous-phase plumes. 
Lateral D i i n c e  (m) 
Figure 6-6. Section diagram of monitoring points lccated dong the 1 m Fence, viewed 
looking upgradient toward the source. 
Relative location of source zone shown as shaded area. 
Source Zone P 
Aquifer Core 
Figure 6-7. Hydraulic conductivity profiles for the aquifer at the 
1 m Fence and in the source zone. 
Hydraulic conductivity detennined in the laboatory 
by falling-head permeameter. 
Aquifer Core -Average K= 7.Z-3 cm/s 
Source Core -Average K= 3.OE-3 a n / s  
File:K DatalK Data 
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Figure 6-8. Temporal diange in hydraulic head and 
groundwater flow direction. 
Groundwater flow angle is measured relative to groundwater 
fiow downgradient, perpendicular to the source zone. 
Positive flow angle is directed to the right, negative angle is 
directed to the left. 
Time is measured relative to emplacement of source. 
Time (days) I ! 
Figure 6-9. Temporal change in horizontal hydrauiic gradient. 
Time is measured relative to emplacement of 
source zone. 
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Key: 
TCM - Chioroforrn 
TCE - Trïchloroethylene 
PCE - Tetrachioroethylene 
Figure 6-10. Initial composition of emplaced source based on the 
results of a soi1 core taken immediately after source 
emplacement. 
Average Composition: TCM - 6.3 wt,% 
TCE - 39.1 wt.% 
PCE - 54.6 wt.% 
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TCM - Chloroform; TCE - Trichiomethylene; PCE - Tetradorœthylene 
Figure 6-11. Extents of aqueous-phase plumes emitted from the source zone a t 
322 days after emplacement. 
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Figure 6-12. Longitudinal section of chloroform ( K M )  aqueous-phase 
plume at 322 days. 
PW-4 
Pump-and-treat systern commenced 
475 days after source emplacement. 
SOURCE 'u 
In situ reaction wall installed 
metres 
Figure 6-13. Layout of groundwater pump-and-treat system and in situ 
treatment wd installed to control the aqueous-phase plumes 
emitted hom the source zone. 
Systems are shown relative to the location of the TCE (trichloroethylene) 
plume at 322 days. 
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Figure 6-14 Sluinkage of TCE (trichloroethylene) plume downgradient of 
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Figure 6-15. Temporal variation in aqueous concentrations at 
monitoring point ES-2-8. 
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Figure 6-16. Aqueous-phase plumes along the 1 m Fence. 
RectangIe indicates position of source zone: 1.5 m long and 1.0 m wide. 
Concentration contours are 1.000 pg/L, 10,000 pg/L, 100,ûûû pg/L and 
300,000 pg/L for chioroform (TCM) and trichioroethylene (TCE); 1,000 pg/L, 
10,000 pg/L and 30,000 pg/L for tetradiloroethylene (PCE). 
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Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetrachioroethylene 
Figure 6-17. Temporal variation in aqueous concentrations at 
monitoring point ES3-9. 
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Figure 6-18. Temporal variation in aqueous concentrations at 
monitoring point ES2-12. 
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Figure 6-19. Temporal variation in aqueous concentrations averaged 
for monitoring location ES-4. 
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Figure 6-20. Temporal variation in aqueous concentrations averaged 
for monitoring location ES-3. 
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Figure 6-21. Temporal variation in aqueous concentrations averaged 
for monitoring location ES-2. 
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Figure 6-22. Temporal variation in aqueous concentrations averaged 
for monitoring location E S l .  
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Figure 6-23. Temporal variation in aqueous concentrations averaged 
for monitoring location ES-28. 
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Figure 6-24. Tem 
for a 
?oral variation in aqueous concentrations averaged 
U monitoring locations dong the 1 m Fence. 
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Figure 6-25. Hydraulic gradient vaiues used for calculation of diemical 
mass flux aossing the 1 m Fence. 
Gradient of Year 1 based on measured values. Gradient for 
Years 2 and 3 based on average of extrapolated values. 
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Figure 6-26. Temporal variation in chernical mass flux aossing 
the 1 m Fence. 
Mass flux calcutated from area-averaged 
aqueous concentrations, average hydraulic 
conductivity, and time-varying hydraulic gradient. 
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Figure 6-27. Change in NAPL mass remaining versus time based on 
calculated cumulative mass crossing the 1 m Fence. 
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Figure 6-28. Change in ditorofonn (TCM) concentrations in source 
zone based on analysis of core samples. 
Average 399 days - 14% of initial core concentration. 
Average 1,128 days - 0% of initial core concentration- 
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Figure 6-29. Change in hichioroethylene (TCE) concentrations in source 
zone based on analysis of core samples 
Average 399 days - 88% of initial core concentration. 
Average 1,128 days - 28% of initial core concentration. 
File:Changes in Source Core Chem/Plau 
O 20 40 60 80 100 120 140 
Weight % Relative to Initial Core Average 
PCE 
Figure 6-30. Change in tetrachloroethylene (PCE) concentrations in source 
zone based on analysis of core samples 
Average 399 days - 100% of initiai core concentration. 
Average 1,128 days - 96% of initial core concentration. 
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Figure 6-31. Change in NAPt mass remaining versus t h e  based on 
calculated chemical mass crossing the 1 m Fence, 
compared to source cores. 
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Figure 6-32. Aqueousphase concentrations in PW-2 during 
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Figure 6-33. Calculated chernical mass flux from PW-2 during 
operation of the pump-and treat system. 
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Figure 6-34. Temporal variation in aqueous concentration ratios for 
concentrations averaged for the 1 m Fence. 
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Figure 6-35. Change in aqueous concentration ratios versus NAPL 
mass remaining for concentrations averaged for 
the 1 m Fence- 
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Figure 6-36. Temporal variation in aqueous concentration ratios for 
concentrations averaged for monitoring location ES-2. 
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Figure 6-37. Change in aqueous concentration ratios versus NAPL 
mass remaining for concentrations averaged for 
monitoring location ES2. 
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Figure 6-38. Temporal variation in aqueous concentration ratios for 
concentrations averaged for monitoring location ES1 .  
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Figure 6-39. Change in aqueous concentration ratios versus NAPL 
remaining for concentrations averaged for 
monitoring location E N .  
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Figure 640. Temporal variation in aqueous concentration ratios at 
monitoring point ES-2-8. 
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Figure 6-41. Change in aqueous concentration ratios versus NAPL 
mass remainhg at monitoring point ES2-8. 
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Figure 6-42. Temporal variation in aqueous concentration ratios for 
concentrations averaged for monitoring location ES-3. 
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Figure 6-43. Change in aqueous concentration ratios versus NAPL 
mass remaining for concentrations averaged for 
monitoring location E S 3 .  
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Figure 6-44. Temporal variation in aqueous concentration ratios at 
monitoring point ES-3-9. 
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Figure 6-45. Change in aqueous concentration ratios versus NAPL 
remaining for monitoring point ES-3-9. 
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Figure 6-46. Temporal variation in aqueous concentration ratios for 
concentrations averaged for monitoring location E S .  
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Figure 6-47. Change in aqueous concentration ratios versus NAPL 
mass remaining for concentrations averaged for 
monitoring location Eç-4. 
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Figure 6-48. Temporal variation in aqueow concentration ratios for 
concentrations averaged for monitoring location ES-28. 
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Figure 6-49. Change in aqueous concentration ratios versus NAPL 
mass remaining for concentrations averaged for 
monitoring location ES-28. 
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Figure 6-51. Change in PCE/TCM ratio versus NAPL remaining predicted 
by ESM. 
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Figure 6-52. Change in PCE/TCE ratio versus NAPL remaining predicted 
by ESM. 
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Figure 6-53. Measured TCE/TCM ratios versus NAPL remaining 
for concentrations averaged over the 1 m Fence 
compared to ratios predicted by the ESM. 
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Figure 6-54. Measured PCEITCM ratios versus NAPL remaining 
for concentrations averaged over the 1 m Fence 
compared to ratios predicted by the ESM. 
Based on Area-Averaged Concentrations 
+ Measured 1 
1 
[ € S M  1 -ce111 
-------- 1 ---- ESM 5-Cell 2-Ce"l 
0.90 0.80 0.70 
NAPL Remaining 
Key: 
TCM - Chloroform 
TCE - Trichloroethylene 
PCE - Tetradiioroethylene 
Figure 6-55. Measured PCE/TCE ratios versus NAPL remaùiing 
for concentrations averaged over the 1 m Fence 
compared to ratios predicted by the ESM. 
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Figure 6-56. Measured TCE/TCM ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
ES02 compared to ratios predicted by the ESM. 
6 - 2  Average 
0.90 0.80 0.70 
NAPL Remaining 
Measureâ 
ESM 1 -CeIl 
€SM 2-Cell ---- €SM 5-Cell 
Key: 
TCM - Chloroform 
T'CE - Trichioroethylene 
PCE - Tetrachioroethylene 
Figure 6-57. Measured PCE /TCM ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
E S 2  compared to ratios predicted by the ESM. 
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Figure 6-58. Measureci PCE/TCE ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
E S 2  compared to ratios predided by the ESM. 
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Figure 6-59. Measured TCE /TCM ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
E S 1  compared to ratios predicted by the ESM. 
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Figure 6-60. Measured PCE/TCM ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
E S 1  compared to ratios ptedicted by the ESM. 
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Figure 6-61. Measured PCE/TCE ratios versus NAPL remaining 
for averaged concentrations at monitoring location 
E S 1  compared to ratios predicted by the ESM. 
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Figure 6-62. Measured TCE/TCM ratios versus NAPL remaining 
for monitoring point ES24 compared to ratios 
predkted by the ESM. 
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Figure 6-63. Measured PCE/TCM ratios versus NAPL remaining 
for monitoring point ES2-8 compared to ratios 
predicted by the ESM. 
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Figure 664. Measured PCE/TCE ratios versus NAPL remaining 
for monitoring point ES-2-8 compared to ratios 
predicted by the ESM. 
A second controiied field-scaie dissolution experiment, referred to here 
as the Free-Release (FR) experiment, was conducted to examine the 
dissolution of a residual NAPL source of chiorinated solvents in the sandy 
aquifer at the Borden field experimental site beginning in the summer of 
1992. A NAPL of known mass and composition was released directly in the 
groundwater zone iwide a steel sheet piling test cell. The NAPL was 
permitted to distribute itself in the aquifer and form an irreguiar NAPL zone. 
Utilization of an irreguiar NAPL source zone distinguishes this experiment 
from the Emplaced-Source experiment whidi utilized a NAPL source zone of 
regular geometry. Horizontal groundwater flow was induced in the test ceil 
and the aqueous concentrations emitted from the NAPL zone were 
measured. Aqueous concentration ratios and the NAPL mass remaining 
were determined from the experimental data. This aliowed ciirect 
cornparison of the experimental results to ESM simulations of NAPL 
dissolution. 
Since 1990, the area around the FR site has been host to other 
experiments related to the migration and remediation of NAPL in the 
subsurface (see Figure 7-1). These other experiments were conduded in 
separate shee t piling test cells. 
The FR experiment was designed to examine various aspects of the 
dissolution of the NAPL source zone. A specific objective of the FR 
experiment was to examine the dissolution of a multi-component NAPL 
frorn an irregular source zone, and evaluate whether temporal changes in 
aqueous concentration ratios may be used to determine the mass of 
contarninants contained in NAPL source zones. This is the work described in 
this chapter. 
Other objectives of the FR experiment included: evaluation of whether 
the spatial distribution of NAPL source zones could be determined from 
monitoring of aqueous-phase concentrations downgradient of the source; 
and, evaluation of the effectiveness of methanol-water flush technology for 
the remediation of NAPL source zones. 
7.2 TEST CELL LAYOUT AND SWDY ~ O G M  
The Free-Release (FR) experimental site is situated in an area where 
the sand aquifer is approxirnately 2.3 m thick. The aquifer is underlain by 
7.5 m thidc aquitard comprised of an upper silty day and a lower dayey sand 
unit The experiment was conducted inside a test c d  constnicted of steel 
sheet piluig. The test ce11 measured 5.5 m in length and 4.5 m in width (see 
Figure 7-2). The sheet piling wails extended through the sand aquifer and 
penetrated 0.3 m into the aquitard. The interlodcing joints of the sheet piles 
were sealed to reduce the permeability of the ceil walls (Starr et al., 1992). 
Groundwater flow through the ceil was controlied by means of 
5 injection wells on one side of the cell and 5 extraction wells on the opposite 
side. Water was introduced to the injection wells at a constant head and 
water was withdrawn from the extraction wells at a constant rate. Each 
extraction weU operated at a rate of 0.05 L/mÏn. for a total flow rate of 
0.25 L/min. 
A series of 9 m o n i t o ~ g  point arrays were installed 0.7 m upgradient of 
the extraction wells for the purpose of groundwater sampling. Each sampling 
array consisted of 20 to 22 sampling tubes installed at different depths in 
aquifer. The monitoring arrays are shown in section view in Figure 7-3. 
Prior to the release of the NAPL, a chloride tracer test was conducted to 
determine the groundwater veloaty in different portions of the test cell. A 
pulse of sodium chioride solution was introduced into all 5 injection wells 
and samples collected from the monitoring arrays were analysed. 
Groundwater velocities determined from the breakthrough curves of the 
chloride concentrations. 
Injection of the NAPL took place on July 6,1992. The NAPL was a 
mixture simüar to that used in the Emplaced-Source experiment and 
contained 9.7Y0 by weight TCM, 37.9% by weight TCE and 52.5% by 
weight PCE. The NAPt was dyed red in colour by addition of 1 g/L of Sudan 
IV dye to assist subsequent sampling and analysis of soil at the end of the 
dissolution experiment. The NAPL was released to a 5-cm diameter 
polyethylene tube open at a depth of 0.66 m below ground surface and 0.05 m 
below the water table at the t h e  of the release. A total of 5 L of NAPL 
mixture was injected over 25 hours at a constant NAPL head of 0.6 m. 
Following injection of the NAPL, groundwater flow through the test 
celi caused dissolution of the NAPL. Groundwater samples were collected 
periodically over a period of 220 days to examine the dissolution processes. 
During the dissolution stage of the experiment, about 4,500 groundwater 
samples were collected. M e r  the dissolution experiment, the NAPL source 
zone remained in place for a methanol-water flush experiment. A 5.5-day 
long pulse of 30% methmol - 70% water was introduced to the injection wells 
and the groundwater sampled in the monitoring arrays periodically for 
another 71 days. The methanol-water flush experiment is not discussed 
further here. 
Upon comple tion of the methanol-water flush experiment, the aquifer 
material in the test cell was excavated to determine the actual spatial 
distribution of the NAPL remaining in the aquifer by means of visual 
examination and soil sarnpling. 
The elevation of the water table was monitored in the extraction wells 
and, at later thes,  in 8 piezometers installed aaoss the test cell. Injection and 
extraction wells consisted of 5-cm diameter PVC casing with 1.82-m long 
slotted intakes. The injection wells were instaiied to a depth of 1.97 m and 
the extraction w e b  were iwtalied to a depth of 1.87 m. The depth to the top 
of the aquitard is 2.3 m. The weiis were iwtalled inside a temporary casing 
driven to the applicable depth. The well was held in place while the casing 
was removed. 
Piezometers consisted of 0.64-un diameter Teflon tubing installed to a 
depth of 1.0 m below ground surface. The piezometers had 0.1-m long slotted 
intakes, wrapped with 100-mesh nylon screening. The piezometers were 
installed inside a steel pipe driven to the applicable depth. The weli was held 
in place while the pipe was removed. ïhe piezometers were not installed 
until 153 days after the NAPL injection when concem =ose regarding the 
hydraulics of the injection-extraction system. 
Water levels were measured using an electric water level finder tape. 
During the chioride tracer test and NAPL dissolution experiment, water 
levels were measured in the injection welIs on 60 occasions. Water levels 
were measured in the piezometers on 11 occasions during the dissolution 
experiment . 
The groundwater monitoring arrays consisted of 0.64un diameter 
stainless steel tubes each instailed to a different depth in the aquifer. Each 
tube had a pointed end and a 1-cm long staùlless steel saeen intake. The 
tubes were pushed by hand or hammered to the desired depth. Each array 
had 20 or 22 monitoring points. The vertical spacing between monitoring 
points was 0.1 m. The lateral spacing between monitoring arrays was 0.5 m. 
A 14-place manifold system was used to coilect groundwater samples 
simultaneousLy from up to 14 sampling points in a monitoring array. This 
samphg system was desaibed by Madcay et al. (1986) and was the same as 
that used to the Emplaced-Source experiment. The manifold system was 
attached to the monitoring tubes using 1ength.s of Teflon tubing. 
Groundwater was drawn by vacuum from the monitoring point tubes into 
the manifold, where it passed into an 18-mL glass sample vial prior to 
entering a 125-mL glass vacuum flask. At least 80 mL of groundwater was 
purged from each point and flushed through the sample vial prior to 
collection of the sample. After purging the required water volume, the flow- 
through heads on the glass vials were removed. The glass vials were sealed 
immediately with a Teflon-iined rubber septa and crimpsn caps, and used for 
the analysis of chlorinated solvents. Between monitoring array locations, the 
tubing and fittings of the manifold were blown out with air and wiped dry to 
prevent cross contamination of samples. In addition, whenever possible, the 
sequence of sarnpiing proceeded from areas of low aqueous concentrations to 
areas of higher concentrations. Groundwater samples were collected from the 
monitoring arrays on 34 occasions during the dissolution portion of the 
experiment. Samples were collected also from the effluent of the extraction 
well system- 
The analysis of chlorinated solvents in groundwater was performed 
using a pentane extraction method simüar to that desaibed by Glaze et 
al. (1983). Aliquots of pentane extracts were analysed by direct injection to a 
Varian 3400 gas chromatograph with electron capture detector. ïhe  detection 
Limits were 5 bg/L for TCM and 1 pg/L for both TCE and PCE. 
Chloride analyses for the tracer test were performed using a Markson 
Mode1 92014 digital pH/mV/Temp meter with an Orion d o n d e  
combination electrode. 
A total of 3 cores were collected after the methanol-water flush 
experiment but before excavation of the ceii using the piston-coring method 
of Starr and Ingleton (1992), for the determination of hydraulic conductivity. 
Aquifer cores were continuous 5-cm diameter cores, each 2.5 m in Length. 
The cores were divided into 5-cm long segments for the laboratory 
determination of hydraulic conductivity using the falling head permeameter 
method of Sudicky (1986). Hydraulic conductivity values were corrected to 
the ambient groundwater temperature of 10°C. 
Prior to injection of the NAPL, a chloride tracer test was performed to 
determine the groundwater velocity in different parts of the cell. A pulse of 
sodium diloride solution, containing 4,100 mg/L chioride, was introduced 
into all5 injection wells during a 24 hour period. Clean water continued to 
be injected following the chloride pulse. Groundwater samples were collected 
periodically from the monitoring arrays and analysed for chioride. 
Monitoring continued for about 40 days after introduction of the pulse. 
Following completion of the methanol-water flush experiment, the 
aquifer material inside the test cell was excavated to determine the spatial 
distribution of the remaining NAPZ. in the source zone. The upper 0.5 m of 
the cell was removed without speufic study. Starting at 0.5 rn, sand was 
carefully removed from the entire centrai portion of the ceil, in 0.05-m 
vertical increments. The primary means of determining the presence of 
NAPL was a visual search for the red-dyed NAPL dong the base of the 
excavation. Excavation of 0.05-m increments continued to a depth of 0.95 m, 
whereupon excavation continued at 0.1-m inaements to a depth of 1.35 m. 
Several levels of the excavation at depths between 0.5 m and 0.7 m exhibited 
visual evidence of NAPL 
Numerous soi1 samples were also coiiected at various levels during 
the excavation in an attempt to determine the NAPL mass remaining in the 
test cell. However, no soil samples were collected from what was later 
determuied to be the critical area of the source zone and the soil analyses 
could not provide useful estimates of the NAPL mass. These soi1 analyses are 
not discussed further in this chapter. 
The Borden aquifer at the FR site is similar to the Emplaced-Source site 
and is comprised of medium-grained to fine-grained glaciolacustrine sand, 
with occasional beds of coarse sand & grave1 or silt, and exhibits distinct 
laminations or bedding features. Xndividual beds range from several 
millimetres to several centimetres in thidmess. Bedding is primarily 
horizontal but convolute bedding features are common. 
The hydrauüc conductivity of the aquifer at the FR site was found to 
range from 1.1 x 10-3 a n / s  to 8.0 x 10-3 cm/s based on the results of 
133 permeameter tests from the 3 cores. These data are shown in Figure 7-4. 
The geometnc average hydraulic conductivity was 2.6 x 10-3 u n / s  and the 
arithmetic average was 2.8 x 10-3 a n / s .  This geometic average value is 
slightly Lower than with the geometric average value of 7.2 x 10-3 cm/s 
obtained by Sudicky (1986) or the value of 6.3 x 10-3 un/s  obtained at the ES 
site. The 3 cores yielded comparable results. The zones of highest hydraulic 
conductivity are at depths of 0.0 rn to 0.4 m, and at the bottom of the test ceU 
from 1.7 rn to 2.3 m. 
The water level in the injection wells was maintained at a level of 
0.09 m below ground surface during the entire experiment. The total 
pumping rate in the extraction wells was maintained 0.25 L/rnin. Initial 
testing suggested that this system should operate with the difference in 
hydraulic head along the test celi would be about 0.1 m to yield a hydraulic 
gradient of about 0.02 while maintaining the water table within 0.2 m of the 
ground surface. These conditions wouid yield a groundwater veloaty of 
about 15 an/day, which is slightly higher than the natural velocities in the 
Borden aquifer. 
However, during the experiment water levels in the extraction weils 
dedined with time, suggesting dogging of the extraction wells, injection wells 
or both. The weils were re-developed periodically but water levels in the 
extraction wells varied ftom 0.16 m to 1.15 m below ground surface. The 
fluctuation in water levels in the injection and extraction wells are shown in 
Figure 7-5. Piezometers were instalied along the test ceil at 153 days to 
determine the actual water levels and hydraulic gradient without the 
influence of dogging effects in the wells. Profiles of water levels in the 
piezometers measured on 3 occasions are shown in Figure 7-6. The water 
level at the downgradient end of the test cell was similar to the level in the 
extraction wells, whereas the water level at the upgradient end was much 
lower than the level in the injection weiis. ï h i s  indicates that the principal 
loss of hydraulic head occurred at the injection wells. Although the water 
table in the test cell rose and fell in the entire cell during the experiment, the 
hydraulic gradient was relatively constant at 0.023. 
At the centre of the test cell, the average water table elevation was 
about 0.5 m below ground surface, but feu to a depth of 0.75 m for a short time 
during the dissolution test. 
The veloaty of groundwater flow through the test ce11 was calculated 
based on the rate of pumping from the extraction weils and measured 
hydradic gradient; the measured hydraulic conductivity and hydraulic 
gradient; and, the chloride tracer test. All three methods yielded similar 
results. 
The total pumping rate was 0.25 L/min. or 360 L/day dtawn from a 
cross-sectional area measuring 4.5 m in width and 1.8 m in depth. Based on a 
porosity of 0.33, this groundwater flow rate is equivalent to a linear velocity of 
13 an/day. 
Based on the average hydraulic conductivity of 2.8 x 10-3 an/ s, 
hydraulic gradient of 0.023, and porosity of 0.33, the linear groundwater 
velocity is calcula ted to be 17 cm/da y. 
Groundwater velocities were calculated from the breakthrough curves 
of the diloride concentrations at each monitoring point using the moment 
technique of Levenspiel (1989). These calculated velocities for monitoring 
arrays FR-2 through FR-8 are shown in Figure 7-7. Data from F R 4  and FR-9 
are not shown because aqueous-phase solvents from the NAPt source zone 
were never detected at these Locations during the dissolution experiment. 
Veloaties based on the tracer test ranged from 4.8 an/day to 21 cm/day, with 
an average velocity of 10 cm/day. Although the velocity profiles for anays 
FR-2 and FR-3 are relatively constant with depth, arrays FR4 through FR-8 
exhibit notably higher velocities at a depth of 1.7 m to 2.3 m. This trend is 
consistent with the results of the permeameter tests of the core sample shown 
in Figure 7-4. 
Excavation and visual examination of the aquifer matenal at the end of 
the experiment revealed the actual position of the NAPL source zone. 
Aithough not dearly evident from aqueous-phase concentrations in the 
monitoring arrays, NAPL released from the injection tube did not penetrate 
downward into the aquifer. During excavation, it was obsemed that the end 
of the injection tube was situated in a thin bed of silty sand. The injection 
pressure of the NAPL was not suffisent to cause entry into this layer and 
NAPL migrated outward and rose upward along the outside of the injection 
tube. At a depth of 0.55 m, or 0.11 m above the level of the end of the 
injection tube, the majority of the NAPL entered a relatively permeable 
horizon and spread laterally. Smailer volumes of NAPL entered other beds. 
The final position of the NAPL is shown in section view in Figure 7-8 
and the maximum lateral extent of NAPL is shown in plan view in 
Figure 7-9- The NAPL was distributed as residual and mobile NAPL in thin 
layers of less than a centimetre in thickness. Photographs of the most 
extensive layer at 0.55 m are shown in Feenstra and Cherry (1996). It is 
known the some of the NAPL was potentially mobile, but was pooled or 
perched in the layers. When the layer at 0.55 m was intersected by survey 
rods, stakes or core tubes, a portion of the NAPL in the layer was remobilized 
and migrated downward along the disturbed zone. 
Because of the shallow depth of the NAPL zone from 0.5 rn to 0.7 rn, 
the NAPL zone was above the water table as the water table feu to 0.75 rn for a 
period of t h e  during the dissolution experiment. Despite this fact, the NAPL 
zone likely remallied submerged by water in the capillary fringe. The 
thidcness of the capfiary fringe in the Borden aquifer is typically 0.3 m to 
0.4 rn and may be slightly greater in this case. The aquifer at the FR site has a 
lower hydraulic conductivity than the typical Borden aquifer, presumably due 
to a finer texture. This would result if a slightly thicker capillary fringe. 
Within the capillary fringe, lateral aqueous-phase transport would occur also 
in respowe to the hydradic gradient in the sahirated zone. 
Following the release of the NAPL, groundwater flow through the 
NAPL zone and dissolution caused aqueous-phase plumes to develop at the 
downgradient monitoring arrays. With the position of the NAPL in the 
centre of the test celi and a groundwater velocity of 10 an/day to 15 cm/day, a 
period of 10 days to 30 days was required for aqueous-phase solvents to arrive 
at the monitoring arrays. Aqueous concentrations reflecting the maximum 
initial conditions developed at most monitoring points by about 50 days. 
The forms of the aqueous-phase plumes across the monitoring arrays 
are shown in Figure 7-10 on 5 occasions at 43 days, 94 days, 140 days, 174 days 
and 221 days. These occasions were selected to illustrate the principal changes 
which occurred in the plumes. The concentration contours were drawn in 
Spyglass@ Transform Version 3.0 using a 0.01 m grid with kemel smoothing. 
Several features of the aqueous-phase plumes are evident in 
Figure 7-10. The portions of the plumes having the highest concenhatiom 
were aligned with the central portion of the NAPL zone. However, the 
plumes generaiiy extended laterally to the full width of the NAPL zone or 
larger. At times, there were low-concentration lobes of the plumes extending 
to the left, to the right, or both ways beyond the lateral extent of the NAPL 
zone. These lateral shifts in the margins of the plumes may have been the 
resdt of localized changes in flow direction caused by fluctuations in the 
water table. 
The plumes extended consistently to a depth of about 1.2 m below 
ground despite the fact that the NAPL source zone resided at  a depth of 0.5 m 
to 0.7 m. Although the experiment was designed with the intent that 
groundwater flow through the celi would be strictly horizontal, it is possible 
that there may have been a vertical component of flow as a result of the zone 
of higher hydraulic conductivity at the base of the aquifer. 
At 43 days, the TCM and TCE plumes had reached their highest 
concentrations and greatest extent. 'Ihe PCE did not reach its greatest extent 
until a later time because it is retarded slightly relative to T'CM and TCE due 
to sorption. During the dissolution experiment, the TCM plume is 
diminished in concentration and extent as a result of preferential dissolution. 
The TCE plume also showed a notable dedine in concentration. The PCE 
plume remained relatively cowistent during the experiment. 
The initial effective solubilities of K M ,  TCE and PCE are 
1,030,000 pg/L, 590,000 pg/L and 110,000 pg/L, respectively, based on the 
initial NAPL source composition and Raoult's Law. These calculations are 
shown aiso in Table 7-1. Aqueous concentrations approaching the initial 
effective solubility values were observed only in a small number of 
monitoring points directly downgradient from the central portion of the 
source zone. Concentrations were lower around the margin of the source 
zone. Figure 7-11 shows the aqueous concentrations at monitoring point 
FR-5-7 located in the upper portion of the plume. Peak concentrations of 
TCM, TCE and PCE were 800,000 pg/L, 670,000 pg/L and 120,000 pg/L, 
respectively, and compare reasonably well with the cdculated initial effective 
solubilities. This observation supports further the applicability of Raoult's 
Law for mixtures of chlorinated solvents. 
Aqueous concentrations measured at the arrays varied with time in 
response to preferential dissolution of the more soluble components of the 
NAPL source, and in response to fluctuations in groundwater flow conditions 
in the test cell. At monitoring point FR-5-7 in the centre of the plumes, TCM 
and TCE reached their initial input concentrations at about 50 days and PCE 
reached its initial input concentration at about 75 days. TCE and PCE 
concentratiow remained relatively constant during the remainder of the 
experiment. TCM concentrations dedined markedly from 130 days to 
220 days in response to depletion of TCM in the source. This monitoring 
point was not infiuenced by fluctuations in the water table or groundwater 
flow directions. A substantial change in water table elevation occurred at 
about 140 days (see Figure 7-5), but is not evidenced in the TCE or PCE 
concentrations. 
Monitoring point FR-5-5 (see Figure 7-12) was located in the upper 
portion of the plumes. Initial input concentrations for TCM and TCE were 
reached in about 40 days and for PCE at about 60 days. TCM concentrations 
dedined from 60 days to 100 days, likely in response to depletion of the 
source. However, concentrations of TCM, TCE and PCE all declined from 100 
days to 130 days when the water table reached its lowest level. At this time 
the NAPL zone was likely within the capillary fringe. When the water table 
rose abruptly at 140 days, concentrations of TCM, TCE and PCE increased. 
M o n i t o ~ g  point FR-5-9 (see Figure 7-13) was located in the lower 
portion of the plumes. After readiing initial input concentration, TCE and 
PCE concentrations remained steady until 140 days. From 60 days to 140 days 
TCM concentrations dedined, likely due to depletion of the source. However, 
when the water table rose abmptiy at 140 days, concentrations of TCE and PCE 
dedined abruptly. Other monitoring points exhibited similar fluctuations. 
Further evaluation of the temporal variation in aqueous 
concentrations and ratios caused by dissolution was perforrned on values 
averaged over the monitoring points in each array. The primary purpose of 
the averaging was to minimite the effect of temporal variations in aqueous 
concentrations caused by changes Ï n  groundwater flow direction. In addition, 
aqueous concentrations averaged veticaliy over al l  the monitoring points in 
an array is likely a reasonable approximation of the results that would be 
obtained from a conventional monitoring weU with a intake of moderate 
length (Le. several metres). 
The monitoring point arrays that exhibited the highest concentrations 
are FR-6, FR-5 and FR-4. The temporal variations in concentration for these 
arrays are shown in Figures 7-14,745 and 7-16, respectively. In each case, after 
initial input concentrations were adueved, TCE and PCE remained relatively 
constant and TCM deciined markedly. Such trends are diffïcult to discem for 
arrays FR-7 and FR-3 at the lateral margins of the plumes as shown in 
Figures 7-17 and 7-18. 
Full area-averaged aqueous concentrations for the test ceU are provided 
by the analyses of the effluent from the extraction wells. The results for the 
celi effluent are shown in Figure 7-19. The cell effluent shows the same 
trends as arrays FR-6, FR-5 and FR4 in the central portions of the plumes. 
The quantity of NAPL mass remainuig in the source zone was 
determined by the ciifference between the initial mass and the mass removed 
by the extraction wells. The diemical mass flux for the ceii effluent is shown 
in Figure 7-20. The initial mass flux for TCM reached about 8 g/day and 
dedined steadily as TCM was depleted from the NAPL source. The mass flux 
for TCE remained between 4 g/day and 7 g/day. The mass flux for PCE 
remained between 1 g/day and 2 g/day. 
The cumulative chemical mass removed from the cell was cdculated 
from the mass flux values. The dedine in NAPL mass remaining versus 
time is shown in Figure 7-21. The plot of NAPL mass remahhg versus time 
is used Section 7.7 and 7.8 to evaluate the relationship between aqueous 
concentration ratios and the NAPL mass remaining. 
The fluctuations in the water table and resdtant shifts in position of 
the aqueous-phase plumes make it difficult to evaluate trends in aqueous 
concentrations and concenhations ratios at individual monitoring points and 
at sampler bundles that do not inteaect the plumes continually. The most 
consistent aqueous concentration-time data are derived from the ce11 effluent 
and from arrays FR-6, FR-5 and FR-4. 
The temporal variation in aqueous concentration ratios for the ceil 
effluent are shown in Figure 7-22. M e r  initial input concentrations are 
adueved after 50 days, the TCE/TCM and PCE/TCM ratios inaeased graduaiiy 
as TCM was dissolved preferentially. PCE/TCE ratios rernained relatively 
constant during the experiment. 
These trends in aqueous concentration ratios are those expected for the 
preferential dissolution of TCM and then TCE from the NAPL source zone. 
In this controlied field experiment, the change in NAPL mass remaining with 
time is known from the ceii effluent data, and aqueous concentration ratios 
can be plotted versus NAPL remaining in the manner shown in Chapters 4,s 
and 6 .  These data are shown in Figure 7-23. In this case, the rate of 
dissolution of the NAPL source is relatively constant (see Figure 7-21) so that 
the plot of ratios versus NAPL remaining is simüar to the plot of ratios 
versus time. 
Similar plots of aqueous concentration ratios at monitoring arrays FR- 
6, FR-5 and FR-4 are shown in Figures 7-24,7-25,7-26,7-27,7028 and 7-29. 
These figures show the same consistent increases in TCE/TCM and PCE/TCM 
ratios as those for the ce11 effluent. Similar trends are observed in smaii 
number of individual monitoring points. Plots of aqueous concentration 
ratios at monitoring point FR-5-7, FR-5-5 and FR-5-9 are shown in 
Figures 7-30,7-31,7-32,7933,7034 and 7-35. The consistency of the trends in 
these data are favourable for comparison to predictions by the ESM. 
At monitoring arrays which did not intersect the plumes continually, 
and at most individual monitoring points, the temporal variation in aqueous 
concentrations ratios are erratic. Plots of aqueous concentration ratios at 
monitoring arrays FR-7 and FR-3 are shown in Figures 7-36, 7-37, 7-38 and 
7-39. Although these figures show a general increase in TCE/TCM and 
PCE/TCM ratios, the magnitude of the fluctuations is sufficiently large to 
preclude comparison of these curves to the predictions of the ESM. 
7.8 COMPARISON OF MWSURED RATIOS TO ESM 
The ESM was used to simulate the changes in aqueous concentration 
ratios for the dissolution of the NAPL in the FR source zone. The 
composition of the NAPL and the properties of the components used as input 
parameters to the ESM are shown in Table 7-2. The aquifer was specified to 
have a dry bu& density of 1,809 kg/m3, at total porosity of 0.33 and a fraction 
organic carbon (foc) of 0.0002. The initial NAPL content was specified to be 
20 L/&. Using these parameters values, simulations were perfonned for 
1-ceil, 2-cell and 5-cell configurations. ïhe number of ceils is the only mode1 
input parameter not defined expliatly by the NAPL and aquifer properties. 
TCE/TCM, PCE/TCM and PCE/TCE ratios versus NAPL mass 
remaining predicted by the ESM are shown in Figures 7-40,7-41 and 7-42, 
respectively. The predicted ratios were compared to those site monitoring 
data that exhibited discernible trends in aqueous concentrations with time. 
The predicted ratios are compared to the measured ratios for the ceU effluent 
in Figures 7-43,7044 and 7-45; for monitoring array FR-6 in Figures 7-46,7-47 
and 7-48; for monitoring array FR05 in Figures 7-49,7-50 and 7-51; for 
monitoring array FR-4 in Figures 7-52, 7-53 and 7-54; and, for m o n i t o ~ g  
point FR-5-7 in Figures 7-55,7-56 and 7-57. 
The changes in TCE/TCM and PCE/TCM ratios predicted by the ESM 
compare well with the measured ratios for the ceU effluent, monitoring array 
FR-5 and monitoring point FR-5-7. For the cell effluent and FR-5, the best 
match between the predicted and measured ratios is provided by the 1-ce11 
configuration of the ESM. This suggests that the size and character of the 
NAPL zone is not suffident to cause a chromatographic effect as aqueous- 
phase solvents exchange with the NAPL present in downgradient portions of 
the source zone. However, the best match between the predicted and 
measured ratios for individual point FR-5-7 is provided by the 5-ceil 
configuration of the ESM. This suggests that the character of the NAPL zone 
upgradient from this specific monitoring point is suffiuent to cause a 
chromatographic effect on the aqueous concentrations emitted from the 
source zone, but overali, there is little chromatographic effect on the whole 
plume. 
There is a larger degree of scatter in the TCE/TCM and PCE/TCM ratio 
data from monitoring arrays FR-6 and FR-4 and although trends are 
comparable to the ceil effluent, FR05 and FR-5-7, it is not possible to match the 
measured data well with the results of a partidar ESM configuration. 
It is difficult also to compare the measured PCE/TCE ratios to those 
predicted by the ESM simulations because the PCE/TCE ratios change by only 
a factor of 3 times or less during the experiment. The degree of scatter in the 
PCE/TCE ratios due to analytical variations and fluctuations in groundwater 
flow is sufficiently large to mask any trends. In contrast, the measured 
TCE/TCM and PCE/TCM ratios change during the experiment by a factor of 10 
times or more and this change is larger than the scatter in ratio data from 
analytical and hydrogeologic variations. 
The resuits of the Free-Release experiment indicate that the changes in 
aqueous concentration ratios measured during dissolution of the NAPL 
source can be predkted with reasonable accuracy using the ESM. This is the 
case despite the fact that the geometry of the NAPL source zone was complex 
and contained both residual NAPL and thin NAPL pools. This suggests that 
the dissolution behaviour of thin NAPL pools can be simuiated by the ESM. 
Area-averaged and verticdy-averaged concentrations provide 
measured ratios that compared weli with the sirnplest 1-cell configuration of 
the ESM. However, the ratios measured at a specific monitoring point 
required a 5-cell configuration of the ESM for the best match. If the 1-cell 
configuration were used to compare to the data from monitoring point FR-5-7 
(see Figure 7-55), at the point where the measured TCE/TCM ratio reached 20, 
the ESM predicted the NAPL mass remaining to be about 0.68. In 
comparison, the tnie NAPL mass remaining was 0.77. This difference is 
relatively small given the much larger uncertainty in estimating the mass 
contained in NAPL source zones by direct soil sampiing and anaiysis. This 
experiment does illustrate that the relationship between aqueous 
concentration ratios and NAPL remaining may be different at different 
locations for complex NAPL source zones. 
A method for the cornparison of field data to ESM simulations in 
order to select the most appropriate ESM configuration at a particular site is 
described in the following chapter. 
397 
Table 7-1. Caldation of initial effective solubilities of solvents based on 
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Key: 
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Table 7-2. Composition and properties of the components in the NAPL in 
the source zone used as input parameters in the ESM 
simulations. 
Parameter 
, Molecular Mass (g/mol) 
TCM 
Density (kq/m3) 
1 Composition (W.%) 1 9.7 1 37.9 1 52.5 1 
1 19.4 
, Pure-phase Solubility (jiq/L) 
Key: 
TCM - Chloroforrn 
TCE - Tridiloroethylene 

















Figure 7-1. Location of the Free-Release experimentai site at the Canadian 
Forces Base Borden. 
Other experimental sites shown are: 
1. Chloride transport - Sudidcy et al., (1983) 
2. Organics transport - Sutton and Barker, (1985) 
3. Chlorinated solvents transport- Mackay et al., (1986) 
4. BTEX transport - Patrick et al., (1986) 
5. Vapor transport- Hughes et al. (1990) 



















Figure 7-2. Plan rnap of test ceU for the Free-Release Experiment. 
Lateral Distance (m) 
Figure 7-3. W o n  diagram of monitoring points located downgradient 
of the NAPL source zone. 
Figure 7-4. Hydraulic conductivity profîies for the aquifer inside the 
test ceil- 
Hydraulic conductivi ty determined in the laboratory 
by falling-head permeameter. 
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Figure 7-5. Temporal variation in water levels in the extraction w d s  
and injection welis. 
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Figure 7-6. Slope of the water table dong the test cd. Average hydrauiic 
gradient is 0.023. 
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Figure 7-7. Vertical profiles of iinear groundwater velocity determined 
from the arriva1 of chloride tracer at the m o n i t o ~ g  points. 
Figure 7-8. Section diagram showing configuration of the NAPL source 
zone. 
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Figure 7-9. Plan map showing lateral extent of NAPL m e .  
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Figure 7-10. Aqueous-phase plumes in the monitoring arrays. 
Ceil cross-section is 4.5 m wide and 23 rn deep. 
Concentration contours are 1,000 pg/L, 10,000 pg/L, 100,000 pg/ L and 
300,000 pg/L for chlorofonn ( T m  and trichioroethylene (TCE); 1,000 pg/L, 
10,000 pg/L and 30,000 pg/L for tetrachioraethylene (PCE). 
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Figure 7-11. Temporal variation in aqueous concentrations at 
m o n i t o ~ g  point FR-5-7. 
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Figure 7-12. Temporal variation in aqueous concentrations at 
monitoring point FR-5-5. 
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Figure 7-13. Temporal variation in aqueous concentrations at 
monitoring point FR-5-9. 
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Figure 7-14. Temporal variation in aqueous concentrations 
averaged for monitoring location FR-6. 
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Figure 7-15 Temporal variation in aqueous concentrations 
averaged for monitoring location FR-5. 
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Figure 7-16. Temporal variation in aqueous concentrations 
averaged for monitoring location FR-4. 
File:4 All Points Concentrations/Selected Plots 
O 50 100 1 50 200 
Time (days) 
Key: 
K M  - Chloroform 
TCE- Trichioroethyiene 
PCE - Tetrachioroethylene 
Figure 7-17. Temporal variation in aqueous concentrations 
averaged for m o n i t o ~ g  location FR-7. 
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Figure 7-18. Temporal variation in aqueous concentrations 
averaged for monitoring location FR-3. 
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Figure 7-19. Temporal variation in aqueous concentrations 
in the effluent from the test cell. 
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Figure 7-20. Temporal variation in chernical mass flux 
for the effluent from the test ceU. 
Figure 7-21. Temporal change in NAPL, mass remaining 
based on mass removed in ce11 effluent. 
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Figure 7-22. Temporal variation in aqueous concentration ratios 
for the effluent from the test ceii. 
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Figure 7-23. Change in aqueous concentration ratios versus NAPL 
remaining for the effluent from the test ceil. 
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Figure 7-24. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR&. 
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Figure 7-25. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-6. 
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Figure 7-26. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-5. 
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Figure 7-27. Change in aqueous conentration ratios versus NAPL 
remaining averaged for monitoring location FR-5. 
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Figure 7-28. Temporal variation in aqueous concentration ratios 
averaged for monitoring location FR-4. 
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Figure 7-29. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location F R 4  
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Figure 7-30. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-7. 
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Figure 7-31. Change in aqueous conentration ratios versus NAPL 
remaining for m o n i t o ~ g  point FR-5-7. 
File5 All Points ConcentrationslSelected Plots 
Key: 
TCM - Chloroform 
TCE- Trichioroethylene 
PCE - Tetradiloroethylene 
Figure 7-32. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-5. 
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Figure 7-33. Change in aqueous conentration ratios versus NAPL 
remainina for monitoring point FR-5-5. 
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Figure 7-34. Temporal variation in aqueous concentration ratios 
at monitoring point FR-5-9. 
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Figure 7-35. Change in aqueous conentration ratios versus NAPL 
remaining for monitoring point FR-5-9. 
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Figure 7-36. Temporal variation in aqueous concentration ratios 
averaged for m o n i t o ~ g  location FR-7. 
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Figure 7-37. Change in aqueous concentration ratios versus NAPL 
remaining averaged for monitoring location FR-7. 
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Figure 7-38. Temporal variation in aqueous concentration ratios 
averaged for m o n i t o ~ g  location FR-3. 
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Figure 7-39. Change in aqueous concentration ratios versw NAPL 
remaining averaged for monitoring location FR-3. 
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Figure 7-40. Change in TCE/TCM ratio versus NAPL remaining 
predicted by ESM. 
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Figure 7-41. Change in PCE/TCM ratio versus NAPL remaining 
predicted by ESM. 
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Figure 7-42. Change in PCE/TCE ratio versus NAPL remainuig 
predicted by ESM. 
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Figure 7-43. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations in the ceii effluent 
compared to ratios predicted by ESM. 
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Figure 7-44. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations in the ceil effluent 
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Figure 7-45. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations in the ceii effluent 
compared to ratios predicted by ESM- 
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Figure 7-46. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-6 
compared to ratios predicted by ESM. 
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Figure 7-47. Measured PCE /TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-6 
compared to ratios predicted by ESM. 
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Figure 748. Measwd PCE/TCE ratios versus NAPL remaining 
for average concentrations at monitoring location FR6 
compared to ratios predicted by ESM. 
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Figure 7-49. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-5 
compared to ratios predicted by ESM. 
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Figure 7-50. Measured PCE/TCM ratios veaüs NAPL remaining 
for average concentrations at monitoring location FR-5 
compaied to ratios predicted by ESM. 
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Figure 7-51. Measured PCE/TCE ratios versus NAPL remavling 
for average concentrations at monitoring location FR05 
compared to ratios predicted by ESM. 
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Figure 7-52. Measured TCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR04 
compared to ratios predicted by EÇM. 
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Figure 7-53. Measured PCE/TCM ratios versus NAPL remaining 
for average concentrations at monitoring location FR-4 
compared to ratios predicted by ESM. 
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Figure 7-54. Measured PCE/TCE ratios versus NAPL remaining 
for average concentrations at monitoring location F R 4  
compared to ratios predicted by ESM. 
NAPL Remaining 
/ X Measured 
i €SM 1 -CeIl - - - - - - -  €SM 2-Cd 
l---- €SM 5-Cell 
Key: 
TCM - Chiorofonn 
TCE - Trichloroethylene 
PCE - Tetrachioroethylene 
Figure 7-55. Measured TCE/TCM ratios versus NAPL remaining 
for monitoring point FR-5-7 compared to ratios 
predicted by ESM. 
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Figure 7-57. Measured PCE/TCE ratios versus NAPL remaining 
for monitoring point FR-5-7 compared to ratios 
predicted by ESM. 
PLEASE NOTE 
The preceding chapters have demonstrated how the Effective Çolubility 
Mode1 (EÇM) can be used to relate changes in aqueous concentration ratios to 
the chernical mass remaining in rnulti-component residual NAPL source 
zones, for both smaii-scale laboratmy experiments and moderate-scale 
controlled field experiments. 
This chapter describes a methodology for how the ESM could be used, 
together with groundwater monitoring data, to estimate the quantity of 
chernical mass remaining in multi-comportent NAPL residuai zones at real 
sites of groundw ater contamination. 
Estimation of the mass in NAPL residual zones using the ESM requires 
groundwater monitoring data collected over a suffisent period of time to 
define changes in aqueous concentration ratios and information on the 
cumulative chernical mass dissolved from the source zone during the 
corresponding period of time. 
These types of data are available readily for sites at which groundwater 
extraction systems (i-e. pump-and-treat) have been in operation. Monitoring 
at  most such systems indude measurement of contaminant concentrations, 
water flow rates and detemiination of mass removed. Depending on the 
NAPL composition, relative solubility of the NAPL components and the 
groundwater extraction rates, changes in aqueous concentration ratios may be 
evident within a period of a few years. 
At sites with no groundwater extraction system in operation, it is 
necessary to estimate the cumulative chemical mass dissolved from the 
source zone on the basis of the natural groundwater fiow rates and the 
aqueous concentrations measured in the plumes. 
The collection and analysis of groundwater samples must be 
sufficiently frequent to allow identification of temporal changes in aqueous 
concentration ratios amidst other variability in the ratio data. A considerable 
degree of scatter is to be expected in ratio data for real sites due to fluctuations 
in groundwater flow conditions, fluctuations in operation of extraction 
systems, and analytical variability. 
Groundwater quality data must be collected from locations judged to be 
relatively dose to the known or suspected NAPL source zones. The ESM 
describes only the changes in aqueous concentration ratios that result from 
NAPL dissolution. Processes such as sorption on aquifer solids and 
biodegradation may also change concentration ratios in the plumes as 
contaminants migrate away from the source zone. The ESM considers 
sorption on the soil solids only within the NAPL zone. However, dose to the 
source zone the effects of sorption and biodegradation are likely to be small, 
particularly for chernicals such as chlorinated solvents which do not sorbed 
strongly on aquifer material and are not highly susceptible to biodegradation- 
The potential significance of biodegradation processes can be evaluated based 
on information regarding reduction-oxidation conditions in the groundwater 
and the presence of degradation products in the groundwater. 
The application of the ESM requires specification of the initial chemical 
composition of the NAPL. This information may be available directly from 
analyses of samples of NAPL, or indirecüy from groundwater or soi1 analyses. 
The composition of NAPL in a source zone can be determined from 
the aqueous concentrations in groundwater downgradient of the source using 
Raoult's Law. This technique is described by Fckson and Mariner (1995). For 
aqueous-phase chernicals in equilibrium with a multi-component NAPL, the 
ratio of their aqueous concentration to their pure-phase solubility equals the 
mole fraction of the chernical in the NAPL: 
where : 
C ' is the effective solubility (M/L ) 
5 is the pure - phase solubility (M/L ) 
x N ~  is the mole fraction in the NA P l  
Even if the aqueous concentrations in groundwater at a downgradient 
location have been diluted, the ratio of their concentration to pure-phase 
solubility provides the relative mole fraction in the NAPL: 
diluted 
5 ' = ( x LAPL ) dihfed 
where : 
i 
Mured is the groundwa ter concentration (ML ) 
( XkAPL ) djIuted is the mole fraction in the NAPL dihted 
by the same factor as the groundwater concentration 
Because the aqueous concentrations of ail the components are diluted 
to the same degree, the calculated diluted mole fractions can be sumrned and 
undiluted mole fractions calculated b y: 
where : 
n is the number of componenrs 
This method assumes that aii the components of the NAPL are 
detected in the groundwater and incorporated in the analysis. In the case 
where there are components of the NAPL which go unidentified, the ratios of 
the identified components are not affected. in addition, the presence of 
unidentified components in the NAPL does not strongly influence the results 
of ESM simulations (see Section 4.4). However, estimates of NAPL mass 
remaining based on the ESM simulations indude only the mass represented 
b y the identified components. 
The composition of NAPL can be estimated also using the results of 
soi1 analyses if suitable samples are available from within the source zone. 
However, at many sites, spatial variability in the distribution of NAPL in the 
subsurface may be extreme, making identification and sampling of NAPL 
source zones a great challenge. 
The partitioning caldations of Feenstra et al. (1991) can be used to 
determine which soil samples have soi1 concentrations above the threshold 
concentration which would indicate the presence of NAPL. If the soil 
concentrations are greater than the calculated threshold concentration by a 
factor of 10 ümes or more, it is appropriate to use the total weight-based 
concentrations to estimate mole fractions for the chemical components. It is 
possible ais0 to use the partitioning relationships desaibed in Feenstra et al. 
(1991) to determine the chemical concentrations in the NAPL-, sorbed-, 
aqueous-, and vapour-phases of the soil from the total concentration to 
calculate the component concentrations in the NAPL and mole fractiors 
separately. 
The estimation of NAPL composition from soil sarnples is most 
applicable to NAPL comprised of semi-volatile and non-volatile components. 
For NAPL containing volatile compounds sr?& as chlorinated solvents or 
BTEX compounds, reliable chemical analyses of soil samples can be obtained 
only if samples are analysed immediately in the field, or using methanol- 
preservation methods. Soi1 samples not analysed by these methods cannot 
be used reliably for esümating NAPL composition because of the large 
potential error due to loss of volatiles during sample collection, storage and 
handling. The magnitude of the error assouated with analysis of volatiles in 
soi1 is described in Smith et al. (1996). 
The use of the ESM requires information also on the aquifer properties 
of total porosity, dry bulk density and organic carbon content. These 
parameters are measured routinely in many site investigation programs. 
Even when site-specific values are not available, values for these parame ters 
can usually be estimated with a suitable degree of accuracy. As desaibed in 
Chapter 4, the results of the ESM are not highly sensitive to the values of 
these parameters. 
The components of the NAPL and the information on the NAPL 
composition are determined from the field data. In addition, the ESM 
requires values for the physical and chemical properties of NAPL 
components induding the molecular weight, dewity, pure-phase solubility, 
and &, (organic carbon-water partition coefficient). Values for these 
parameters are available from the published literature for most common 
groundwater contaminants. 
The ESM also requires that the initial NAPL content be specified for the 
mode1 calculations. As described in Chapter 4, the results of the EÇM are not 
sensitive to the initial NAPL value provided typical NAPL residual 
saturations are used. 
The only parameter of the ESM that is not defined expliatly by the 
NAPL or aquifer properties is the number of celis. Although the laboratory 
and controiled field experimenb described in Chapters 5,6 and 7 suggest that 
even a 1-ceU configuration of the ESM may provide useful estimates of NAPL 
remaining in source zones, the comparîson and matdung of field data to 
multiple-cell configurations is iilcely to provide more accurate predictions. 
The foIlowing section describes how field data may be compared to ESM 
simulations . 
The first step in the cornparison of field data to the ESM is to perform a 
series of ESM simulations using the NAPL composition and aquifer 
properties defined for the site. Simdations should be performed for a range 
of c d  configurations to produce a family of dissolution curves for the NAPL 
showing the change in aqueous concentration ratios versus the NAPL 
remaining. For a given NAPL composition, the different curves in a family 
WU have distinctly different shapes as the number of celis increases. 
AU simulations for a specified NAPL should yield the same initial 
aqueous concentration ratios. The values can be compared to the measured 
aqueous concentration ratios at the start of the monitoring period at the site. 
The predicted initial ratios and measured initial ratios should be identical if 
the groundwater concentrations were used to back-calculate the NAPL 
composition. If the NAPL composition was estimated from NAPL samples or 
soi1 samples and the predicted and measured initial ratios differ sigruficantly, 
the NAPL composition input to the ESM may be adjusted to provide a better 
match. 
If the 1-cd configuration of the ESM were known to be always the 
most applicable, the aqueous concentration ratio measured at the site at a 
given t h e  could be related simply to the ratio from the 1- cell c w e  of EÇM 
and the NAPL remaining detemiined directly. However, the most 
appropriate cell configuration is not known a prion so that the measured 
ratios must be compared to the different cuves to evaiuate the best match. 
The data on measured aqueous concentration ratios and corresponding 
values of cumulative mass removed from the site are used for comparison to 
the ESM simulations. The cumulative mass removed is expressed as NAPL 
mass remaining, calculated based on a series of estimates of the initial NAPL 
mass in the source zone- The measured ratios and corresponding values for 
caicdated NAPL mass remahhg are plotted on the same graph at the ESM 
resdts for comparison to the family of dissolution Nves .  These caiculations 
and curve matching are performed easily in an spreadsheet-plotting program. 
The estirnates of initial NAPL mass are adjusted until the best match is 
obtained between the measured ratios and a particuiar ESM curve. 
For the best match, the initiai mass represents the initial NAPL mass in 
the source zone at the start of the monitoring period. The NAPL mass 
remaining is given by the value at the h a 1  measured ratio data point. 
The number of cells required for a match between the measured and 
predicted ratios provides a generic indication of the length of the 
groundwater flow path through the NAPL source zone. A larger number of 
ceiis is required to simulate the chromatographie effect as aqueous-phase 
contaminants dissolved from the upgradient portion of the source zone 
interact with NAPL in the downgradient portion of the source zone. The 
longer the flow path through the NAPL zone, the greater the 
dirornatographic effect on the aqueous concentrations. For normal 
groundwater velocities, a chromatographie effect would be expected in 
groundwater that passes through zones of NAPL residual more than a few 
centimetres in length. However, because spatial distribution of NAPL w i t .  
a source zone may be extremely variable at a scale of centimetres (Poulsen and 
Kueper, 1992; Kueper et al., 1993; Brewster et al., 1995), the opportunity for 
aqueous-phase contaminants to exchange with downgradient NAPL may be 
small, even in large source zones which contain large total amounts of 
NAPL. A match between measured and predicted ratios with a smail number 
of ceils likely reflects a source zone in which NAPL is distributed irregulatly 
on a small scale to muiimize the diromatographic effect. A match with a 
large number of cells likely reflects a source zone in which NAPL is 
distributed more uniforrnly. 
The foilowing sections provide examples of the application of the 
methodology to estimate the quantity of chemical mass remaining in the 
NAPL residual zone at the Emplaced-Source experiment wing oniy the data 
from pumping well PW-2, and for a NAPL source zone at an industrial site in 
New Jersey. 
Although the monitoring data collected from the groundwater pump- 
and-treat system could not be used for a rigorous evaluation of the rate of 
mass depletion h m  the NAPL source zone, they can be used to illustrate the 
method for using the ESM to estimate the quantity of chemical mass 
remainuig in the NAPL source zone. 
Pumping weii PW-2 was located about 25 m downgradient of the 
source zone (see Figure 6-13). The dedine in aqueous concentrations in PW-2 
with tirne is shown in Figure 6-32. Groundwater extraction from PW-2 
intercepted the entire width of the plumes emitted from the source zone. 
The calcuiated m a s  flux for PW-2 is shown in Figure 6-33. 
TCE/TCM, PCE/TCM and PCE/TCE ratios increased with t h e  as 
pumpand-treat operations continued. The temporal changes in ratios are 
shown in Figure 8-1. Data are shown here oniy for the period from 475 days 
at the start of operations to about 700 days. M e r  700 days the aqueous 
concentrations measured at PW-2 were iduenced by the in situ treatment 
waU situated between the source and PW-2. The cumulative chernical rnass 
removed from PW-2 was caiculated from the aqueous concentrations and 
pumping rates, and is plotted versus aqueous concentration ratios in 
Figure 8-2. The total diemical mass removed from PW-2 was 2,200 g. 
Based on the initial aqueous concentrations measured ui PW-2, the 
mole fractions for TCM, TCE and PCE in the NAPL source were calculated 
using equation 8-3 and converted to weight% concentrations for input to the 
ESM- The results of these calculations are shown in Table 8-1. This NAPL 
composition differs somewhat from the original NAPL composition of the 
source zone. However, the travel time for grcundwater to migrate from the 
source to PW-2 was about 250 days to 300 days. Therefore, by the time PW-2 
commenced operation at 475 days, the groundwater arrïving at PW-2 
represented the groundwater that left the source zone at a thne of about 
200 days. At that stage, substantial TCM has already be removed from the 
source zone. This explains why the calculated composition shown in 
Table 8-1 is depleted in TCM relative to the original source composition. 
ï h e  properties of the components used as input parameters to the ESM 
are shown Table 8-2. The aquifer was specified to have a dry bulk density 
of 1,809 kg/m3, a total porosity of 0.33 and a fraction organic carbon (f,) of 
0.0002. The initial NAPL content was specified to be 20 ~ / m ?  Using these 
parameters values, simulations were performed for 1-cell, 2-cell and 5-cell 
configurations. 
The values of cumulative mass removed from PW-2 were converted 
to NAPL mass remaining for assumed initial NAPL source zone masses of 
12,000 g, 17,000 g and 22,000 g. These data were combined with the measured. 
aqueous concentration ratios and plotted with the ESM simulations. The 
measured TCE/TCM ratios for an assumed 17,000 g source zone are shown in 
Figure 8-3. The measured ratios compare weii with the 5-ceU configuration 
curve. 
in contrast, measured PCE/TCM and PCE/TCE ratios for an assumed 
17,000 g source zone shown in Figure 8-4 and 8-5 do not compare well with 
any of the ESM simulation curves. This is likely due to the sorption of PCE 
relative to TCM and TCE over the migration distance of 25 m fiom the source 
zone to PW-2. The ESM simulations cannot account for changes in aqueous 
concentration due to sorption outside the NAPL zone. As a resdt, the use of 
PCE/TCM and PCE/TCE ratios are not suitable for estimating the NAPL mass 
remaining based on the monitoring data from PW-2. The TCE/TCM and 
PCE/TCM ratios yield similar results for the monitoring location dong the 
1 m Fence. This indicates that the effect of sorption of PCE is not observed 
doser to the source zone. 
Measured TCE/TCM ratios for assumed NAPL sources of 12,000 g and 
22,000 g are shown in Figures 8-6 and 8-7, respectively. These data are 
substantially differênt from the assumed 17,000 g source and do not match 
any of the ESM simulation curves. This evaluation suggests that the best 
estirnate of the initial source zone mass is about 17,000 g. The true source 
zone mass at 200 days is not known precisely. On the basis of the mass flux 
measured at the 1 m Fence, the mass in the source zone at 200 days was 
20300 g. However, PW-2 would have drawn back some water and chemical 
mass that left the source prior to 200 days. The chemical mass removed kom 
PW-3 and PW-4 was about 740 g. If this is assumed to represent the chernical 
mass that left the source between O days and 200 days but not captured by 
PW-2, then the mass in the source zone at 200 days was 22,200 g. Splitting the 
ciifference between the 20,800 g estimate and the 22,200 g estimate, yields an 
initial source mass of 21,500 g to compare with the ESM estimate of 17,000 g. 
The mass estimated using the 5-ceil configuration of the ESM is within 
20% of the initial NAPL source zone mass. This estimate could be made 
using only the measured aqueous concentrations in PW-2, and the general 
physical and chemical propeties for the NAPL components and aquifer. No 
specinc assumptions were required regarding the actual dimensions or 
geometry of the source zone, groundwater flow conditions through the 
source zone, or dissolution mass transfer coefficients. 
If the maximum measured TCE/TCM ratio of 7 is compared sirnply to 
the curve for the 1-ceil configuration of the ESM, it is predided that 0.15 of the 
NAPL source has been removed. Based on the measured mass removal of 
2,200 g, the 1-cell cuve yields a predicted source mass of 14f700 g. 
Consequently, even use of the 1-cell ESM provides an estirnate of the NAPL 
mass within about 30% of the actuai value. 
An industrial plant site near Dayton, New Jersey is a site of 
groundwater contamination by tetradiloroethylene (PCE) and 1,1,1- 
trichloroethane (TCA). This section describes the use of the ESM to estimate 
the quantity of chernical mass remaining the DNAPL source zone at this site. 
No other methods have been applied at this site to provide such an estimate. 
A preliminary application of this method was described by Feenstra (1990). 
The plant site was used for the manufadure of punch cards for 
computers and inked printer ribbons. The aquifer consists of about 15 m of 
coarse sand & grave1 overlying a discontinuous layer of interbedded sand and 
clay about 1 m to 3 m in thickness. The sahirated thickness of the aquifer 
ranges from 8 to 10 m and the average hydraulic conductivity is about 
8 x 10-2 cm/s. In December 1977, PCE and TCA were discovered at 
concentrations of about 200 pg/L and 600 pg/L. respectively, in a municipal 
water supply well located about 500 m east of the plant. 
During early 1978, plumes of PCE and TCA were found on the plant 
site with concentrations as high as 6.100 pg/L PCE and 9,500 pg/L TCA (see 
Figures 8-9a and 8-9b). The maximum obsemed concentrations in 
monitoring wells and pumping weiis were several percent of the pure-phase 
solubility of the solvents. Chlorinated solvents had been used at the plant 
since the 1960's and it was believed that the groundwater contamination 
originated h m  releases of solvent product from the chemical off-loading and 
storage area. Although the plume was directed toward the muniapal weil 
located off-site to the east, the plumes were wide compared to the size of the 
suspeded release area. This could be the result of several factors. Time- 
dependent variations in off-site pumping in the municipal weli to the east 
and 0th- private weils to the north may have acted to draw the plume badc 
and forth A broad piume of relatively low concentration (10 pg/L to 
100 pg/L) in the groundwater could also have resulted initially from the 
transport of vapors through the vadose radiaiiy outward the release area. 
These vapors would have resuited in a thin, relatively high-concentration 
groundwater plume immediately at the water table. However, almost aI l  
monitoring and groundwater pumping at the site was conducted using wells 
screened over the entire aquifer thidmess. Therefore, the concentrations 
from any thin plumes at the water table would be diluted significantly during 
sampling. It is also possible that the broad dissoived plume is a composite 
plume resulting from several different sources on the site. 
Remedia! measures commenced in mid-1978 with the removal of the 
chemical storage tanks, excavation of several tens of cubic metres of soii from 
around the tanks, and installation of a network of groundwater pumping 
wells on the plant site- According to the conceptual mode1 for groundwater 
contamination at that tirne, removal of the tanks and shallow soi1 together 
with removal of the dissolved plume by groundwater pump-and-treat should 
have provided full restoration of the aquifer in several years. When the 
remedial measures were designed in 1978, it was not recognized thaï the 
chlorinated solvents were DNAPLs and that it was highly tikely that 
imrnisable-phase solvents released into the aquiter would penetrate to a 
considerable depth below the water table and comprise a long-term source of 
con tamina tion. 
The remedial measures for the overall plume involved on-site 
pumping wells, offsite pumping wells and a resumption of pumping and 
treatment of the municipal water supply wen. This discussion will only 
consider the performance of the on-site pumping because this area indudes 
the source zone. 
The on-site pumping system consisted of up to 13 wells. Seven of the 
wells operated almost continuously from mid-1978 until late-1984 when on- 
site pumping ceased. These wells are shown in Figure 8-9a. The other wells 
operated for shorter intervais during this time period. Three of the pumping 
weils yielded from 250 L/mùL to 390 L/min. and the remaining 10 wells 
yielded from 20 L/& to 40 L/min. A typical pumping rate for the overali 
system was about 1,100 L/min. The discharge from the pumping system was 
treated by air stripping and rediatged to the aquifer by spray irrigation dong 
the western side of the plant site. 
By late 1984, aqueous concentrations in the aquifer zone had been 
reduced significantly from levels of 1,000 to 2,000 pg/L down to 10 pg/L or less 
(see Figures û-10 and 8-lob). During this t h e  period a total of 3,400,000,000 L 
of groundwater and 4,840 kg of solvents had been removed by the on-site 
pumping system. Reductions down to low miaogram per litre 
concentrations ocwred in monitoring wells and pumping wells throughout 
the plume zone except in the area dose to the suspected release. Close to the 
release area or probable source zone, solvent concentrations in 2 purnping 
wells were also reduced significandy but dedined only to concentrations of 
300 kg/L to 500 pg/L. 
Although it was not recognized in 1984, the continued elevated 
c~ncentratio~u inthe pumping weils dose to the suspected source zone 
indicated an on-going source of contamination, which is likely DNAPL 
solvents below the water table. The reduction in concentrations in pumping 
weils dose to the source zone are largely due to dilution of contaminated 
water from the source zone with uncontaminated or less-contaminated water 
draw from outside the source zone. 
In Iate 1984, the state environmental regdatory agency determined that 
the remedial measures had reached the appropnate uean-up target for the 
majority of the plume area, and had reached the point of dimhishing returns 
for the release area. With this condusion, groundwater pump-and-treat was 
ceased. 
Within about 6 months to 9 months after groundwater pumping 
ceased, monitoring indicated that concentrations had begun to rise in the 
wek dose to the source zone. Eventually, concentrations in several of the 
wells rose to levels higher than were observed in 1978. By mid-1989, about 
4.5 years after pumping had ceased, the dissolved solvent plumes extended 
again beyond the eastern plant boundary (see Figures 8-lla and 8-llb). The 
regrowth of the plume was dear evidence of a DNAPL source zone below the 
water table. 
Further evidence of the nature of the DNAPL source zone in the 
aquifer was derived h m  multi-level monitoring wells. The majority of the 
monitoring at the site was conducted in well saeened over the entire 
saturated thidcness of the aquifer. In 1985,3 water samplers (42s, 42i and 42d) 
was instailed in the upper, rniddie and lower portions of the aquifer within 
about 10 m to 20 m of the suspected source zone. These samplers were 
monitored regdarly during the period after the groundwater pump-and-treat 
operations ceased and the results are shown in Figure 8-12. Moderate 
concentrations occurred in the upper part of the aquifer, very Iow 
concentrations occurred in the middle part of the aquifer, and the highest 
solvent concentrations occurred at the bottom of the aquifer. This suggests 
that DNAPL exists in the upper and lower portions of the aquiler. The 
DNAPL in the upper portion of the aquifer is likely in the form of residual 
and thin pools. The DNAPL in the lower portion of the aquifer may be in the 
form of a thidser pool on top of the day aquitard. 
in 1990, the groundwater pump-and-treat system was reactivated with a 
network of 4 pumping wells: one at the source zone, one dose to the middle 
of the plumes, and two at the eastern boundary of the plant site. The goals of 
this pump-and-treat system are containment of the plumes to prevent h t h e r  
migration off-site and eventual restoration of the aquifer in the plume zone. 
It is hoped that in several yens the aqueous plumes will be again eliminated 
and containment of the source zone can be provided by pumping of the one 
weU near the source zone. 
8.3.2 DNAPL SOURCE ZONE 
The DNAPL source zone remaining in the aquifer Likely consists of 
residual and multiple pools or layers at various depths within the aquifer as 
well as at the bottom of the aquifer. Because of the expected spatial variability 
of the DNAPL distribution, an inordinately detailed program of soil borings 
and soil sampling would be necessary to attempt to define the distribution 
and mass of the DNAPL zone and is not feasible. 
There are no records from the industrial faality regarding leaks or 
spilis which would permit an estimate of the possible chemical mass present 
in the aquifer. The only information on the magnitude of the DNAPL source 
zone is that a total of 4,840 kg of aqueous-phase solvents were removed from 
the groundwater purnping system from 1978 to 1984. Of this total, 2,150 kg 
were removed from pumping well GW-32 adjacent to the expected source 
area. In crude terms, mass removed kom GW-32 represents the mass 
dissolved from the source zone from 1978 to 1984- The difference between the 
total mass removed and the mass removed from GW-32, about 2,690 kg, 
represents the mass dissolved from the source prior to 1978. Although the 
regrowth of the plumes and the vertical pattern of groundwater 
contamination confirms that substantial DNAPL rem- in the aquifer, the 
chemical mass remaining is not known. 
8.3.3 AQUEOUS CONCENTRATIONS AND RATIOS IN GW-32 
During operation of the groundwater pumping system from 1978 to 
1984, the PCE and TCA concentrations in GW-32 declined. These data are 
shown in Figure 8-13. It is evident aiso from this figure that the relative 
proportion of TCA in the groundwater in GW-32 dedined with time relative 
to PCE. TCA is the more soluble of the two compounds so that the 
preferential removal of TCA would be expected for the dissolution of a PCE- 
TCA NAPL source zone. 
The change in PCE/TCA ratio versus ü m e  is shown in Figure 8-14. 
The initial PCE/TCA ratio was about 0.5 and inaeased to about 5 during 
pumping. The change in PCE/TCA ratio versus chemical mass removed is 
shown in Figure 8-15. 
Based on the initial aqueous concentrations measured in GW-32, the 
mole fractions for TCA and PCE were calculated using equation 8-3 and 
converted to weight% concentrations for input to the ESM. The results of 
these caiculations are shown in Table 8-3. The DNAPL source zone was 
estimated to be comprised of 26% TCA and 74% PCE. 
The properties of the components used as input parameters to the ESM 
are shown in Table 8-4. The aquifer was assumed to have a dry bulle density 
of 1,809 kg/m3, at total porosity of 0.33 and a fraction organic carbon (fo& of 
0.0002. The initÏal NAPL content was assumed to be 20 ~ / m 3 .  Using these 
parameters values, simulations were performed for 1-cd, 2-ceil and 5-cell 
configurations. The results of these simulations are shown in Figure 8-16. 
The values of cumulative mass removed from GW-32 were converted 
to NAPL mass remaining for assumed initiai NAPL source zone masses 
4,000 kg, 5,000 kg and 6,000 kg. These data were combined with the measured 
aqueous concentration ratios and plotted with the ESM simulations. The 
measured PCE/TCA ratios for an assumed 5,000 kg source zone are shown in 
Figure 8-17. The measured ratios compare best with the 5-cell configuration 
curve. 
Measured PCE/TCA ratios for assumed NAPL sources of 6,000 kg and 
4,000 kg are shown in Figures 8-18 and 8-19, respebively. These data are 
substantially different from the assumed 5,000 kg source and do not match 
weil with any of the ESM simulation curves. This evaluation suggests that 
the best estimate of the initial source zone mass is about 5,000 kg. With the 
removal of 2,150 kg from the pumping of GW-32, this suggests that a NAPL 
source of 2,850 kg (57% of the initiai mass) remained in the source zone at the 
end of pumping in 1984. 
If the maximum measured PCE/TCA ratio of 8 is compared simply to 
the c w e  for the 1-cell configuration of the ESM, it is predicted that 0.55 of the 
NAPL source has been removed. Based on the measured mass removal from 
GW-32 of 2,150 kg, the 1-cell curve yields an estimated source mass of 3,900 kg. 
This value does not &!Ter greatly from the value of 5,000 kg estimated from 
the 5-ceil configuration. 
In this particular case, these mass estimates must be considered as 
minimum values because of the high likeiihood of the presence of a thick 
(Le. greater than several centimetres) DNAPL pool at the bottom of the 
aquifer- For a thick pool of DNAPL, PCE/TCA ratios in the groundwater may 
change in response to changes in NA1-2 composition and mass depletion at 
the top of the pool, but not deeper in the pool. As a result, the presence of the 
diemical mass deeper in the pool will not be reflected in the NAPL mass 
estimated h m  the aqueous concentration ratios. 
Unlike the laboratory experiments and controlled field experiments 
described in Chapters 5, 6 and 7, there is no knowledge of the actual source 
mass at the Dayton site with which to compare the ESM estimates. This WU 
be the case at almost al1 real sites of NAPL contamination because of 
uncertainty in the quantity of NAPL released and difficulty in direct samphg 
and analysis of NAPL source zones. 
8.4 CONDXTIONS FOR APPLICATION F THE ESM METHOD 
On the basis of the favourable cornparison to laboratory and controlied 
field experiments, it is evident that the Effective Solubility Mode1 (ESM) may 
provide a useful tool to relate changes in aqueous concentration ratios to the 
chernical mass remaining in multi-component NAPL residual. The ESM, 
together with groundwater monitoring data, has the potential to provide 
estimates of the chemicai mas5 contained in NAPL residual zones. 
For the case of the Emplaced-Source experiment, using only the 
monitoring results from pumphg well PW-2 situated 25 m downgradient of 
the source zone, the NAPL source mass esümated using the ESM was within 
30% of the actual NAPL mass using the 1-ceIl configuration of the ESM, and 
within 20% using the 5-ce11 configuration of the ESM which provided a bettes 
match between the measured and predicted ratios. This degree of error is far 
less than wodd be expected for mass estimates based on the sampling and 
analysis of soil samples. The mass estimate using the ESM could be made 
using only the measured aqueous concentrations in PW-2, and the general 
physical and chemical properties for the NAPL components and aquifer. No 
specific assumptiow were required regarding the actual dimensions or 
geometry of the source zone, groundwater flow conditions through the 
source zone, or dissolution mass transfer coefficients. 
At the Dayton site, the presence of a DNAPL source zone was dearly 
indicated by the regrowth of the aqueous-phase plumes after the cessation of 
pumping in 1984. The use of the ESM with the measured PCE/TCA ratios 
yielded an estimate of 5,000 kg for the NAPL source zone, refleding the 
removal of 43% of the mass by GW-32 during pumping. This means that an 
estimated 2,850 kg, or 57% of the source zone, remained in the aquifer at the 
end of 1984. This method is, at present, the only means that has been applied 
to estimate the mass of the DNAPL source zone. 
This research has illustrated the potential for the ESM method to 
provide useful estimates of the chemical mass contained in multi-component 
NAPL residual zones in porous media. In many situations, the ESM method 
could be employed for estimation of mass in NAPL zones with existing 
groundwater monitoring data, espeaaily for sites with operating groundwater 
extraction systems dose to NAPL source zones. In contrast, programs for 
sampling and analysis of soil, or partitioning intenveli tracer tests for 
estimates of the mass in NAPL zones will require specific field studies which 
are likely to be costly, especially for large suspeded NAPL source zones. 
However, it must be recognized that the ESM method has been tested 
only for small-scale laboratory studies and for two moderate-scale field 
experiments in sandy aquifer materials. There are numerous specific 
conditions required for its application which indude the following: 
The NAPL must consist of multiple components and occur in 
porous media. The ESM method is not applicable for single- 
component NAPL, or for fractured media, or fkactured porous 
media. 
There must be sufficient differences in the solubiiities of the NAPL 
components to result in preferential dissolution of the more soluble 
components. 
Raodt's Law must be suitable for determinhg the effective 
solubility of the NAPL components. The ESM method will be most 
suitable for relatively simple mixtures of chlorinated solvents or 
hydrocarbons. 
The NAPL source zone must not contain different NAPLs of 
different chernical composition. Site history and groundwater 
monitoring data may provide information on the nature of NAPL 
releases to assess this condition. 
The record of groundwater m o n i t o ~ g  must be of sufficient 
duration and detail to define trends in aqueous concentration ratios 
and chernical mass released from the NAPL source zone. This is 
best accomplished for a groundwater extraction system which 
captures the entire mass flux from the NAPL source zone. 
Aqueous concentration ratios measured in the groundwater must 
not have been altered by sorption processes in the aquifer between 
the source zone and monitoring location. This condition is most 
iikely to be satisfied at monitoring locations dose to the source 
zone, or for contaminants such as chiorinated solvents and low 
molecular weight hydrocarbons which do not sorb strongly on most 
geologic matenals. 
Aqueous concentration ratios measured in the groundwater must 
not have been aitered by biodegradation processes within the NAPL 
source zone or in the aquifer between the source zone and 
monitoring location. Groundwater monitoring data may provide 
information on whether biodegradation reactions have occurred, or 
are likely to occur. 
NAPL must occur as residud or thin pools. The ESM method is not 
applicable to thick NAPL pools. 
NAPL residual must be available for dissolution into groundwater 
Bowing through the source zone. The ESM method is not 
applicable in situations where a significant portion of the NAPL 
mass is contained in zones of lower penneability. In such 
situations, estimates of NAPL mass using aqueous concentration 
ratios will reflect the NAPL mass contained in areas accessible to 
groundwater flow and wili underestimate the total NAPL mass. 
For the majority of the aforementioned conditions, it will be possible to 
render a reasonable judgrnent as to whether they are satisfied at a particular 
site of NAPL contamination. However, this is not likely to be the case for 
conditions related to the physical distribution of the NAPL. Investigations of 
the geologic conditions and chernical distribution within NAPL source zones 
are rarely sufficient to establish whether thidc NAPL pools or zones of NAPL 
isolated in lower permeability zones are present or absent. 
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Table 8-1. Calculation of initial NAPL source composition based on 
aqueous concentrations in PW-2. 
Measurement 








Weiqht % in NAPL 1 4.2 1 42.4 1 53 -4 1 1 00.0 
TC€ 
8,700,000 
Cakulated Mole Fraction I l 0.474 l in NAPL 
Key: 
TCM - Chloroforrn 
TCE - Tridiloroethytene 
PCE - Tetrachloroethylene 
4,100 







2.9 x 10-3 2.9 x 10-3 
Table 8-2. Composition and properties of the components in the NAPL in 
the source zone used as input parameters in the ESM 
simdations for the PW-2 data- 
Key: 
TCM - Chloroform 
TCE - Tridiloroethylene 
PCE - Tetrachloroethylene 
Parameter 
Molecular Mas5 Wrnol) 
Density (kqlm3) 
Pure-phase Solubility 6~q lL )  




















Table 8-3. Caldation of initial NAPL source composition based on 
aqueous concentrations in GW-32. 
Measurement 








TCA - l,l,l-Trichloroethane 
PCE - Tetradiloroethylene 
2,750 





2.2 x 10-3 
Total 
240,000 
5.2 x 10-3 
0.30 0.70 1 .O00 
Table û-4. Composition and properties of the components in the NAPL in 
the source zone used as input parameters in the ESM 
simulations for the Dayton data. 
Parameter 
Molecular Mass (almol) 
Density (kami3) 
Pure-phase Solubility (Wh) 
%c (mm) 
Key: 
TCA - 2,1,1-Trichioroethane 
















- - - - - - -  PCEKCM 1 
Key: 
T'CM - Chioroform 
TCE - Trichloroethytene 
PCE - Tetradiloroethylene 
Figure 8-1. Change in aqueous concentration ratios versus time 
at the pumping weil PW-2. 
File:PW-2 Exp. Equiiibriurn.EXCUPW-2 Comparison 
500 1,000 1,500 2,000 2,500 
Mass Removed (g) 
Key: 
TCM - Chioroform 
TCE - Trichlorœthylene 
PCE - Tetrachioroethylene 
Figure 8-2. Change in aqueous concentration ratios versus chernical 
mass removed at the pumping weii PW-2. 




€SM 1 -CeIl j 
- *-----  ESM ~ - c e ~  / ---- ESM 5-CeIll 
Key: 
TCM - Chîomfom 
TCE - TrichiorœthyIene 
PCE - Tetrachloroethylene 
Figure 8-3. Measured TCE/TCM ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 
File:PW-2 Exp. Equilibrium.EXCUPW-2 Comparison 
0.95 0.90 0.85 
NAPL Remaining 
4 f'w-2 
ESM 1 -CeIl 
- - - -_--  ESM 2-Cell 
---- ESM 5-Cell 
Key: 
TCM - Chloroform 
T'CE - Trichiorœthylene 
PCE - Tetradoroethylene 
Figure 8-4. Measured PCE/TCM ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 
File:PW-2 Exp. Equi1ibrium.EXCUPW-2 Cornparison 
0.95 0.90 0.85 
NAPL Remaining 
ESM 1 -CeIl / 
---- ESM 5-CeII 
Key: 
TCM - Chioroform 
TCE - Trichloroethylene 
PCE - Tetrachioroethylene 
Figure 8-5. Measured PCE/TCE ratios for a 17,000 g NAPL source 
compared to the ratios predicted by ESM. 
File:PW-2 Exp. Equilibrium-EXCUPW-2 Comparison 
0.95 0.90 0.85 
NAPL Remaining 
Key: 
TCM - Chloroforrn 
T'CE - Trichloroethylene 
PCE - Tetrachioroethylene 
Figure 8-6. Measured TCE/TCM ratios for a 12,000 g NAPL source 
compared to the ratios predicted by ESM. 
File:PW-2 Exp. Equilibrium-EXCUPW-2 Comparison 
0.95 0.90 0.85 
NAPL Remaining 
' PW-2 
ESM 1 -CeIl 
- - - -**-  ESM 2-Cell 
---- ESM 5-Cell 
Key: 
TCM - Chloroform 
TCE - Trichioroethylene 
PCE - Tetrachloroethylene 
Figure 8-7. Measured TCE/TCM ratios for a 22,000 g NAPL source 
compared to the ratios predicted by ESM. 
File:PW-2 Exp. Equilibrium-EXCUPW-2 Comparison 
Figure &S. Lacation of the Dayton, New Jersey site. 
Figure 8-9. Aqueous-phase plumes at the Dayton site in April1978 
before the start of groundwater pumping. Concentration 









Figure 8-10. Aqueous-phase plumes at the Dayton site in Mar& 1984 
at the end of groundwater purnping. Concentration 
contours 10 pg/L, 100 pg/L and 1,000 pg/L. 







Figure 8-11. Aqueous-phase plumes at the Dayton site in June 1989. 
Concentration contours 10 pg/L, 100 pg/L and 1,000 pg/L. 
Figure SU. PCE concentrations in muiti-level monï to~g  installation adjacent to 
the source area. 
Key: 
PCE - Tetrachioroethylene 
TCP. - 1,l.l-Trichîoroethane 
Figure 8-13. Temporal variation in aqueous concentrations 





PCE - Tetradiloroethylene 
TCA - l,l,l-Trichiorœthane 
Figure 8-14. Variation in PCE/TCA ratio versus time for pumping 
weli GW-32. 
1 ,OM) 1,500 
Mass Removed (kg) 
Key: 
PCE - Tetrachloroethylene 
TCA - 1, 1 ,l-Tridilotoethane 
Figure 8-15. Variation in PCE/TCA ratio versus mass removed for 
pumping wellCW-32. 
0.80 0.70 0.60 0.50 
NAPL Remaining 
Key: 
PCE - Tetrachloroethylene 
TCA - l,l,l-Trichloroethane 
Figure 8-16. Change in aqueous concentration ratios versus NAPL 
remaining predicted for the Dayton site by ESM for 
1-cell, 2-ceil and 5-cell configurations. 
1.00 0.90 0.80 0.70 0.60 0.50 0.40 
NAPL Remaining 
Key: 
PCE - Tetrachioroethylene 
TCA - l,l,l-Trichlorœthane 
Figure 8-17. Measured PCE/TCA ratio versus NAPL mass remaining 
for extraction weli GW-32, for a 5,000 kg source, 
compared to ratios predicted by ESM. 
1.00 0.90 0.80 0.70 0.60 0.50 0.40 
NAPL Remaining 
Key: 
PCE - Tetradiloroethyfene 
TCA - l,l,l-Trkhiorœthane 
Figure 8-18. Measured PCE/TCA ratio versw NAPL mass remaining 
for extraction weU GW-32, for a 6,000 kg source, 
compared to ratios predicted by ESM. 
1 .O0 0.90 0.80 0.70 0.60 0.50 0.40 
NAPL Remaining 
ESM 1 -CeIl , 1 GW-32 
Key: 
PCE - Tetrachioroethylene 
TCA - l,l,l-Trichloroethane 
Figure 8-19. Measured PCE/TCA ratio versus NAPL mass remaining 
for extraction w d  GW-32, for a 4,000 kg source, 
compared to ratios predicted by ESM. 
This thesis has desaibed the development and 
to estirnate the mass of chernicals contained in NAPL 
evaluation of a method 
zones. The principal 
tool of this method is the Effective Çolubility Mode1 (ESM) which is used to 
relate changes in aqueous concentration ratios in groundwater emitted by 
dissolution of residual NAPL to the mass remaining in the NAPL. Changes 
in aqueous concentration ratios measured in groundwater near a NAPL 
source zone are compared to the results of ESM simulations to estimate the 
chemical mass contained in the NAPL zone. 
The ESM reiies on the principle that the aqueous concentration, or 
effective solubility, of contamkants in groundwater in equilibrium with a 
multi-component NAPL can be determined from the chemical composition 
of the NAPL according to Raoult's Law. Based on laboratory studies it is 
evident that Raoult's Law provides a relatively accurate means for the 
calculation of effective solubility for mixtures of structurally similar 
compounds such chlorinated solvents or chlorinated benzenes. Raoult's Law 
predictions of effective solubility Vary from measured values by 10% to 30%, 
or less, for such mixtures. Predictions Vary from measured values by 25% to 
50%' or less, for mixtures of structura~y dissirnilar compounds such as 
aromatic and aliphatic hydrocarbons, typified by gasoline. The potential error 
in effective solubility values predicted by Raoult's Law is comparable to, or 
smaller than the uncertainty assoaated with the chernical analysis of 
groundwater samples. 
Raoult's Law is less suitable for NAPL comprised of coal tar, creosote, 
chlorophenols, nitrophenols and high molecular weight hydrocarbons. 
Raoult's Law wiU not be suitable when the groundwater contains high 
concentrations of total dissolved solids, misable CO-solvents, surfactants or 
dissolved organic matter. 
Predictions of effective solubility using activity coefficients calculated 
by UNIFAC are not substantially more accurate than simple Raoult's Law 
predictions for most simple or complex NAPL mixtures. In the majority of 
circunstances in groundwater, Raoult's Law wili be the most reliable method 
for the prediction of effective solubility of organic contaminants derived from 
the dissolution of multi-component NAPL. 
Theoretical pore-scde models and empirical laboratory models of 
NAPL dissolution suggest that the rate of mass transfer and resultant aqueous 
concentrations emitted by dissolution of multi-component NAPL residual 
will be determined primarily by the effective solubility of the NAPL 
components, for a given NAPL source and set of water flow conditions. The 
effective solubilities of NAPL components are detennined by the NAPL 
composition. 
Changes in the NAPL composition due to preferential dissolution of 
higher-solubility components will be reflected in the aqueous concentrations 
emitted from the NAPL residuai at later times. However, in a field setting it 
wiii not be possible to relate the magnitude of aqueous concentrations in the 
groundwater to the composition of the NAPL residual zone because of 
uncertainty in the exact size and geornetry of NAPL residual zones, and the 
unknown degree of dilution reflected in the contaminant concentrations 
found in monitoring or extraction wells. In addition, non-equilibrium mass 
transfer may occur under conditions of low NAPL residual saturation or high 
groundwater velocity. However, because dilution and non-equilibrium mass 
transfer should affect ali dissolved contaminants to the same degree, 
information about the composition of NAPL residual reflected in the ratios of 
aqueous concentrations rnay be preserved. 
The preliminary study by Feenstra (1990) suggested that estirnates of the 
diemical mass in NAPL residuai zones rnay be possible using changes in 
measwd aqueous concentration ratios in groundwater, together with 
predicted changes denved from a 1-ceil configuration of the Effective 
Solubility Mode1 (ESM). 
For dissolution of multi-component NAPL in short-length laboratory 
column experiments or shake-flask experiments, the composition of the 
NAPL rnay change with thne but it is relatively homogeneous at any point in 
t h e .  However, at real sites of NAPL contamination, the flow path of 
groundwater through the NAPL residual zone rnay be suffiaently long that 
the aqueous concentrations and NAPL composition in the upgradient portion 
of the NAPL zone rnay differ from that in the downgradient portion of the 
NAPL zone. Aqueous concentrations emitted from the upgradient portion of 
the NAPL residual rnay be modified by exchange with NAPL of different 
composition in the downgradient portion of the NAPL zone. This potential 
effect is referred to as a "duomatographic effed". FSM must be extended to 
account for different conditions along the groundwater flow path through the 
NAPL zone in order to simulate this effect. 
The ESM relies on the principle that the aqueous concentrations in the 
groundwater can be determined h m  the chemical composition of the NAPL. 
This prinuple is applicable for zones of NAPL residual. It rnay applicable also 
for thin NAPL pools, but will not be applicable for thidc NAPL pools. 
Dissolution of NAPL pools takes place along the top of the pool. Aqueous 
concentrations extend upward into the aquifer as a result of vertical 
dispersion. Because this vertical dispersion is essentially a dilution effed, the 
average aqueous concentration ratios in the groundwater flowing over the 
NAPL pool rnay reflect the NAPL composition within the NAPL layer 
provided that the pool has a uniform chemical composition throughout its 
thickness. This may occw for thin pools where the diffusion within the 
NAPL is suffiaently rapid to replenish the more soluble contaminants 
dissolved from the top of the pool. This is unlikely to be the case for thidc 
pools, so that the aqueous concentrations in groundwater at the top of the 
pool wiil not refiect the overall chernical composition of the pool. 
Consequently, the ESM is not applicable to NAPL pools. 
9.3 EFFECTIVE SOLUBILITY MODEL (ESM) 
The Effective Solubility Mode1 (ESM) was developed to provide a 
method of describing the changes in aqueous concentrations of organic 
contaminants emitted from the dissolution of a multi-component zone of 
NAPL residual. In its simplest form, the ESM represents a single cell, of unit 
volume, in which dean water entas the cell and equilibrates with NAPL. 
Aqueous concentrations are calculated according to Raoult's Law and the 
NAPL composition. The water leaves the ceil, the masses of the components 
transferred to the water from the NAPL are calculated, and a new NAPL 
composition is determined. 
A 1-cell configuration of the ESM cannot simulate the 
chromatographie effect on aqueous concentrations expeded in NAPL residual 
zones where the groundwater flow path is long. To account for this effect, the 
ESM was extended to sirnulate a series of equilibration cells linked 
sequentially. The equilibration calculations within each ceil take the total 
chemical mass and allocate appropriate proportions to the NAPL, sorbed and 
aqueous-phases according Raoult's Law and linear partitionhg relationships. 
For each equilibration step for each ceii, the calculated sorbed-phase and 
NAPL-phase chemical mass is retained within the c d  and the calculated 
aqueous-phase chernical mass is passed to the next downgradient cell for the 
next equilibration step. 
The results of ESM simulations are most sensitive to the NAPL 
composition, the pure-phase solubilities of the NAPL components, and the 
number of equilibration cells specified in the model. The nurnber of c d s  
reflects, generically, the length of NAPL residual zone and the degree of the 
chromatographic effect on the aqueous concentrations. The results of the 
ESM simulations are insensitive to the other rnodel input parameters: 
fraction organic carbon in the aquifer, porosity or initial NAPL content. 
ESM simulations were compared to the results of three published 
laboratory column dissolution experiments. In each experiment, the NAPL 
composition and mass of NAPL placed in the column was known, and the 
aqueous concentrations emitted fiom the column were measured. Aqueous 
concentration ratios and the NAPL mass remaining were deterrnined from 
the experimental data. For two of the laboratory experiments, the measured 
aqueous concentration ratios compared favourably with the concentration 
ratios predicted by 1-ceii or 2-cell configurations of the ESM. These resuits 
uidicate Little or no chromatographic effect on the aqueous concentrations 
during flow through the NAPL residual. For one of the experiments, the 
measured ratios compared most favowably with ratios predicted by a 10-ceil 
configuration of the ESM. This indicates a chromatographic effect during 
flow through the NAPL residual. 
A controlled field-scale dissolution experiment, referred to here as the 
Emplaced-Source Experiment, was conducted to examine the dissolution of a 
residual NAPL source of dilorinated solvents in a sandy aquifer. This 
experiment ailowed examination of the dissolution of a NAPL source zone 
larger than those represented in laboratory experiments. A residual NAPL 
source zone of known mass, composition and geometry was emplaced 
directiy in the groundwater zone, and the aqueow concentrations emitted 
from the NAPL zone were measured. Aqueous concentration ratios and the 
NAPL mass remaining were deterrnined frorn the experimental data. 
The results of the Emplaced-Source experiment indicate that the 
changes in aqueous concentration ratios measured during dissolution of the 
NAPL source can be predicted with reasonable acmracy using a 5-celi 
configuration of the ESM. This indicates a chromatographic effect on the 
aqueous concentrations during flow through the source zone. Despite the fact 
that NAPL source zone in the field experiment was larger in size than the 
NAPL zones considered in laboratory experiments, a larger number of ceils 
was not required. This suggests that the length of size of the NAPL zone is 
not the only factor which will determine whether a chromatographic effect 
results during flow through NAPL residuai. Other factors such as the pore- 
scale distribution of NAPL and pattern of groundwater flow also likely 
determine whether a chromatographic effect occurs within a NAPL source 
zone. 
A second controlled field-scale dissolution experiment, referred to here 
as the Free-Release Experiment, was conducted to examine the dissolution of 
a residual NAPL source of chlorinated solvents in the sandy aquifer at the 
Borden. A NAPL of known mass and composition was released directly in 
the groundwater zone inside a steel sheet p h g  test cell. The NAPL was 
permitted to distribute itself in the aquifer and form an irregular NAPL zone. 
Utilization of an irregular NAPL source zone distinguishes this experiment 
from the Emplaced-Source experiment which utiiized a NAPL source zone of 
regular geometry. Horizontal groundwater flow was induced in the test cell 
and the aqueous concentrations emitted from the NAPL zone were 
measured. Aqueous concentration ratios and the NAPL mass remaining 
were determined from the experimental data. 
The results of the Free-Release experiment indicate that the changes in 
aqueous concentration ratios measured during dissolution of the NAPL 
source cm be predicted with reasonable accuracy using a 1-ceii configuration 
of the ESM. This is the case despite the fact that the geometry of the NAPL 
source zone was complex and contained both residual NAPL and thin NAPL. 
pools. 
Area-averaged and verticaily-averaged concentrations provide 
measured ratios that compared well with the 1-ceii configuration of the ESM. 
However, the ratios measured at a specific monitoring point in the aqueous- 
phase plume required a 5-ceil configuration of the ESM for the best match. 
This experiment illustrates that the relationship between aqueous 
concentration ratios and NAPL remaining may be different at different 
locations for complex NAPL source zones. In such circumstances, area- 
weighted averaged concentrations such as reflected in a groundwater 
extraction well would be preferable to concentrations measured in individual 
monitoring wells. 
9.7 APPLICATION OF THE ESM METHOD FOR EVALCTATION OF APL SITES 
A methodology was developed for how the ESM can be used, together 
with groundwater monitoring data, to estimate the diemical mass contained 
in mdti-component NAPL residual zones. 
The first step in the comparison of field data to the ESM is to perform a 
series of ESM simulations using the NAPL composition and aquifer 
properties defined for the site. Simulations should be performed for a range 
of cell configurations to produce a family of dissolution curves for the NAPL 
showing the change in aqueous concentration ratios versus the NAPL 
remaining. For a given NAPt composition, the different curves in a family 
wiii have distinctly different shapes as the nurnber of cells increases. 
If the 1-ceil configuration of the ESM were known to be always the 
most applicable, the aqueous concentration ratio measured at the site at a 
given tirne could be related simply to the ratio fkom the 1- cell curve of ESM 
and the NAPL remaining determined directly. However, the most 
appropriate ceil configuration is not known a p n M  so that the measured 
ratios must be compared to the different curves to evaluate the best match. 
The data on measured aqueous concentration ratios and corresponding 
values of cumulative mass removed fkom the site are used for cornparison to 
the ESM simulations. The cumulative mass removed is expressed as NAPL 
mass remaining, cdculated based on a series of estimates of the initial NAPL 
mass in the source zone. The measured ratios and corresponding values for 
calculated NAPL mass remaining are plotted on the same graph at the ESM 
results for cornpanson to the family of dissolution curves. The esümates of 
initial NAPL rnass are adjusted until the best match is obtained between the 
measured ratios and a particular ESM m e .  For the best match, the initial 
mass represents the initial NAPL mass in the source zone at the start of the 
monitoring period. The NAPL mass remaining is given by the value at the 
final measured ratio data point. 
The number of cells required for a match between the measured and 
predided ratios provides a generic indication of the length of the 
groundwater flow path through the NAPL source zone. A larger number of 
c d s  is required to sirnulate the chromatographic effect as aqueous-phase 
contaminants dissolved from the upgradient portion of the source zone 
interact with NAPL in the downgradient portion of the source zone. The 
longer the flow path through the NAPL zone, the greater the 
chromatographic effect on the aqueous concentrations. 
For the case of the Emplaced-Source experiment, using only the 
monitoring results fmm pumpinn well PW-2 situated 25 m downgradient of 
the source zone, the NAPL source mass estimated within 30% of the actual 
NAPL mass using the 1-celi configuration of the ESM, and within 20% using 
the 5-cell configuration of the ESM which provided a better match between 
the measured and predicted ratios. This degree of error is far less than wodd 
be expected for mass estimates based on the sampling and analysis of soi1 
sarnples. The mass estirnate using the EÇM couid be made using only the 
measured aqueous concentrations in PW-2, and the general physical and 
chemical properties for the NAPL components and aquifer. No specific 
assumptions were required regarding the actual dimensions or geometry of 
the source zone, groundwater flow conditions through the source zone, or 
dissolution mass transfer coefficients- 
This research has illustrated the potential for the ESM method to 
provide useful estimates of the chemical mass contained in multi-component 
NAPL residual zones in porous media. However, it must be recognized that, 
at this üme, the ESM method has been tested only for small-scale laboratory 
experiments and two moderate-scale field experiments in sandy aquifer 
materials. There are numerous specific conditiow required for its application 
which indude: 
a Multi-component NAPL in porous media. The method is 
not applicable to fractured media or fractured porous media. 
Sufficient difference in solubiiity of components to resuit in 
preferential dissolution of the more soluble components. 
Raoult's Law must be suitable for determining the effective 
solubility of the NAPL components. 
Source zone must not consist of different NAPLs having 
substantiallv different chemical com~ositions. 
Sufficient record of groundwater monitoring data to define 
trends in aqueous concentration ratios and the chernical 
mass released from the source zone. 
Aqueous concentration ratios must not be altered by sorption 
processes outside of the NAPL source zone. 
Aqueous concentration ratios must not be altered by 
biodegradation processes. 
NAPL residual or thin pools in porous media. The method 
is not applicable to thick pools of NAPL. 
NAPL must be available for dissolution by groundwater 
flowing through the NAPL source zone. The method is not 
applicable where a significant portion of the NAPL mass is 
isolated in lower permeability zones. 
In most circumstances, site-specific information can be used to 
determine whether these conditiom are satisfied. For example, the analyses 
of soi1 and groundwater samples can be used to iden* the contaminants and 
estimate the likely compcsition of NAPL. Information on the wastes or 
chernicals released to the subsurface, together with analyses of soii and 
groundwater can be used to determine the likelihood of NAPLs with different 
compositions in different areas of the site. General information on the 
diemical properties of the contaminants and site-specific information of the 
migration and fate of contaminants can be used to determine whether 
Raoult's Law is applicable, and whether sorption or biodegradation processes 
are likely to have affected aqueous concentration ratios. 
The greatest uncertainty in the application of the ESM method relates 
to the requirement that not NAPL occur in thick pools or isolated in lower 
permeability zones. At most sites, the general location of the NAPL source 
zone may be known but there is seldom information available on the nature 
of the NAPL distribution. If thick NAPL pools or areas of isolated NAPL are 
present in the source mne and contain sigrufïcant mass compared to the 
residual zones, the ESM method will underestirnate the total chernical mass 
present in the source zone. 
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As descriied in Section 2.2, the assumption that = Y& simplifies 
the application of Raoult's Law- In order to evaluate the validity of this 
assumption, UNIFAC was used to caldate y& for various chlorinated 
organic compounds and BTEX compounds, and for various mixtures of 
dilorinated organic compounds, BTEX compounds and high-solubility 
organic compounds. 
A total of 12 binary mixtures, one ternary mixture and one quatemary 
mixture of organic compounds dissolved in water were considered. These 
mixtures induded: 
Tridiloroethylene + Dichloromethane 
Trichloroethylene + 1,2-Dichioroethane 
Tridiloroethylene + l,l,l-Trichloroethane 
Trkhloroethylene + Tetradiloroethylene 
Tridiloroethylene + 1'2-Dichlorobenzene 
Trichloroethylene + Isopropanol 
Trichloroethylene + Acetone 
Trichioroethylene + l,l,l-Trichloroethane + Tetradiloroethylene 
For most of the binary and ternary mixtures, the aqueous concentration 
of each organic compound was assumed to be 10% of its respective pure-phase 
solubility value. Aqueous concentrations ranging from 0.2% to 10% were 
used for isopropanol and acetone. For the quaternary mixture of benzene, 
toluene, ethyi benzene and xylene, the aqueous concentrations were selected 
to approximate the maximum concentrations that would in expected in 
groundwater in eqdibrium with gasoline. 
In each case, the aqueous-phase activity coefficient for each component 
in the mixture was compared to the aqueous-phase activity coefficient for the 
pure compound at infinite dilution. AU adivity coefficients were calculated 
using the cornputer code PC-UNIFAC Version 4.0'. The results of these 
calculations are shown in Tables A-1, A-2 and A-3. 
in all cases where the aqueous concentrations of the components are 
less than about 1,000 mg/L, the difference between the aqueous-phase activity 
coefficient for the mixture and the activity coefficient for the pure compound 
is less than 1% (or a ratio of 0.99 to 1.01). For such cases it is appropriate to 
P assume that y& = 
For mixtures in which the aqueous concentrations exceed 1,000 mg/L, 
the differences are greater between the aqueous-phase activity coefficient for 
the mixture and the activity coefficient for the pure compound. In the cases 
for miscible organic compounds such as isopropanol and acetone at percent- 
level concentrations, the aqueous-phase activity coefficients in the mixture 
may be reduced from the acüvity coefficient of the pure compound by a factor 
of 5 times. 
PC-UNIFAC Version 4.0 (1993). AvailabIe comrnercially from bri, inc., P.O. Box 7834, 
Atlanta, Georgia 30357-0834. 
Table A-1. Cornparison of aqueous-phase activity coefficients ( ) in 
mixtures with aqueous-phase activity coefficients for pure 
































































Table A-2. Cornparison of aqueous-phase activity coefficients (y& ) in 
mixtures with aqueous-phase activiq coefficients for pure 
organic compounds ) at infinite dilution. 
Corn pound 



































































Table A-3. Cornparison of aqueous-phase activity coefficients ( y &  ) in 
mixtures with aqueous-phase activity coefficients for pure 













































P W E  NOTE 
ESM IMPLEMENTATION 
The Effective Solubility Mode1 (ESM) was implemented as an 
executable maao programmed in Visual Basic in the spreadsheet Microsoft 
Excei Version 5.0- The macro consists of thre modules. The module 
"CopytheData8', shown in Listing El, reads the input data hom worksheet 
named "Input" and prepares worksheets narned "Output" and "Dissolved 
Concentrations". The worksheet "Output" confirms the input data and 
presents in initial mass of the NAPL components. The worksheet "Dissolved 
Concentrations" presents the calculated aqueous concentrations for each 
equilibration step. The "Equilibrium" module, shown in Listing B-2, uses 
the input data to perform the equilibrium partitioning calculations for a 
given time, or equilibrium, step. The "Multistep" subroutine module, shown 
in Listing B-3, takes the results of the calculations from the "Equiiibrium" 
module and sends output to the "Dissolved Concentrations" worksheet, or 
back to the "Equilibrium" module depending on the number of ceiis specified 
and the number of equilibration steps specified. 
An example of the "Input" worksheet is shown in Table B-1. The 
input data indude the chernical and physical properties of the NAPL 
components; the soi1 properties; the initial NAPL composition; the number 
of tirne, or equilibration, steps; and the number of cells. 
An example of the "Output" worksheet is shown in Table B-2. An 
example of the "Dissolved Concentrations" worksheet is shown in Table 8-3. 
The number of pore volumes present the number of üme, or equiiibration, 
steps. The calculated water:NAPL ratio (Q), the proportion NAPL mass 
remaining, and the aqueous concentrations of each component, are shown 
for each equilibration step. M e r  the ESM macro is run, the aqueous 
concentration ratios are cakulated and plotted within Excel. 
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Table B-2. Example worksheet for mode1 output data. 
Proqram Listing Example 
Names of Components 





Initial NAPL Composition 
Initial NAPL Mass (q) 
Soil Density (kq/m3) 
foc 
Porosity (Um3) 
Initial NAPL Volume (Um3) 
Initial NAPL Density (kqlm3) 









Num ber of Timesteps 




























Table B-3. Example of worksheet for dissolved concentrations dcuiated by the model. 
~URRENT ~MESTEQ IS 
I 
Proqram Listinq Example 
1 
Pore Volumes 1 Q 




















NAPL Ilemlning 1 CH- 












3 i 1,390 n 0.95 
4 1,737 0.94 
5 2,084 0.92 





































































































































































































Listing 0-1. CopytheData Moci?ile. 
C m t  ROWOFHEADER = 1 
Const ROWOFTITLES = 3 
C m  ROWOFMOCECULARMASS = 4 
C m t  ROWOFSOLUBlllTY = 5 
C m t  ROWOFKOC = 6 
Corist ROWOFDENSCPl = 7 
C m t  ROWOFSOILDENSIW = 9 
C~rist  ROWOFFOC = 10 
COM~ ROWOFPOROSrrY = 1 1 
C a t  ROWOFINCnAWAPLVOLUME = 14 
Corist ROWOFlNCnALNAPLCOMPOSmON = 15 
COM~ ROWOF NUMBEROFTIMESTEPS = 1 7 
Carist ROWOFNUMBEROFCELLS = 18 
C m t  NUMBEROFCOMPONENTS = 3 
Const FIRSTCOLUMN = 2 
C m  STARTROWOFOUTPUT = 3 
Const OUTPUTROWOFHEADER = 1 




Dim Header As String 
Dirn NamesoKomponents(1 To 20) As String 
Dirn MobbrMass(1 To 20) As Double 
Dim Solubility(1 To 20) As Double 
Dirn Density(1 To 20) As Double 
Dirn Kd(1 To 20) As Double 
Dirn Koc(1To 20) As Double 
Dirn InitialNAPLCornposition(1 To 20) As Double 
Dim InitialNAPLMass(1 To 20) As Double 
8 
Dirn SoiIOensity As Double 
Dirn foc As Double 
Dim Porosity As Double 
Dirn InitialNAPLVolume As Double 
Dirn InitialNAPLDensity As Double 
Dim InitialWaterVolume As Double 
8 
Dirn CmponentCouclter As Integer 
Dirn Numkofimesteps As lnteger 
Dirn NumberoKells As lnteger 
8 
'Read starting values from the spread sheet 
1 
Header = Cdk(ROWOFHEADER, FIRSTCOLUMN - 1 ) 
SoiIOensity = Cells(ROWOFSOILDENSCP/, FIRSTCOLUMN) 
foc = Cells(ROWOFfOC, FIRSTCOLUMN) 
P m i t y  = Cellz(ROWOFPOROSIM, FIRSTCOLUMN) 
lnitialNAPLVolume = Celk(ROWOFlNiTIALNAPLVOLUME, FIRSTCOLUMN) 
NumberofTimesteps = Cells(ROWOFNUMBEROFTIMESl€PS, FIRSTCOLUMN) 
NumberofCells = Celb(ROWOFNUMBEROFCELLS, FIRSKOLUMN) 
8 
'Read component dependent starting values fram the spreadsheet 
For ComponentCounter = 1 To NUMBEROFCOMPONENTS 
NamesoUmporieritr(ComponentCoun~) = Cells(ROWO~llLES, - 
FIRSTCOLUMN + ComponentCounter - 1) 
MoknibrMass(ComparientC0un ter) = Cdk(ROWOFMOLECULARMASS,  
FIRSTCOLUMN + ComponentCounter - 1) 
Sokrbiii&y(Cmponerit(:ounte!r) = Celb(ROWOFSOLUBILïTY, FIRSTCOLUMN - 
+ Componentcounter - 1) 
Koc(C0mponentCaunter) = Cells(R0WOFKOC FIRSTCOLUMN + - 
ComporientCounter - 1) 
ûensity(c0mponentCounter) = Cells(ROWOFDENSCP(, FIRSTCOLUMN - 
+ Componentcounter - 1) 
InitialNAPLComposit'~)n(CmponeritC~~ntw) = , 
Celis(ROWOFiNlliALNAPLCOMPOS~ON, FlRSKOLU MN + - 
ComponentCounter - 1) 
Next CamponeritCounter 
8 
' Calculate initial starting values for Kd, Initial Water Volume, Initial NAPL Density, 
' Initial NAPL M a s  for each componerit 
I 
Inia'alNAPUknsity = O# 
For CornpomtCounter = 1 To NUMBEROFCOMPONENTS 
Kd(ComponentC0unter) = Koc(ComponentCounter) ' foc 
InitialNAPLDensity = InitialNAPLDensity + , 
(InitialWLComposit'w)n(C~mpo~tCount~ 1 Density(ComponentCounter)) 
Next ComponentCounter 
InitialWateNolume = Porosity - InitialNAPCVolume 
InitialNAPLDensity = 1# 1 InitialNAPLDensity 
For Cmponentcounter = 1 To NUMBEROFCOMPONENTS 
InitialNAPLMass(ComponmtCounter) = , 








.Name = "Output" 
End W i i  
1 
Tales go in the first column o f  the output s k t  
Cells(OUTPUTROWOFHEADER, FIRSTOUTPUTCOLUMN) = Header 
Celk(SfARTROWOFOülPUT, FIRSTOUTPUTCOLUMN) = " Narnes o f  Cornporientsn 
Celk(STARTROWOF0CiIPlJT + 1, FI RSfOUTPUTCOLUMN) = ' Molecu br Massu 
Cel k(SlARïROWOF0WPUT + 2, FIRSTOUTPUTCOLUMN) = " Solubility " 
Celk(STARTROWOF0UTPUT + 3, F1RSTOLÏTPUTCOLUMN) = 'Koc' 
Celk(SlARTROWOF0UTPUT + 4, FIRSTOUTPUTCOLUMN) = " Kd " 
Cells(STARTR0WOFOUTPUT + 5, FIRSTOIJTPUTCOLUMN) = 'Derisity' 
Celb(SlARTROWOF0üïPUT + 6, FIRSTOUTPUTCOLUMN) = "Initial NAPL Compositim" 
Cells(STARTROW0FOüïPUT + 7, FIRSTOUfPUTCOLUMN) = 'Initial NAPL M a s '  
For ComponmtCounter = 1 To NUMBEROFCOMPONENTS 
Cells(SlARTROWOFOUTPUT, FIRSTCOLUMN + ComponentCounter - 1) = - 
Name~fCmponeritr(Cmp0rietitCounter) 
Cells(SlARTROWOF0UTPüT + 1, f IRSTOUTPWCOLUMN + ComponentCounter) = - 
MolecularMass(Componen tCoun ter) 
Cells(STARTR0WOFOüTPüT + 2, FIRSTOUTPUTCOLUMN + ComponentCounter) = - 
Solubility(C0mponerrtCounter) 
Cells(STARTROWOF0UTPUT + 3, FlRSfOUïPUTCOLUMN + ComponentCounter) = - 
Koc(ComparrentCounter) 
Celk(SïARTROWOFOUTPül+ 4, FlRnOLCTPlJTCOLUMN + CompmentComter) = - 
Kd(C-ounter) 
Cells(STARTROW0FOUTPUT + 5, FIRSTOUTPUTCOLUMN + ComponentCounter) = - 
Densïty(ComporrentCounter) 
Cells(SïARTROW0FOUTPüT + 6, F IRSiOUïPUTCOLUMN + ComporientCounter) = - 
In~aiN@LCompos~~m(CmpoirentC~~ntw) 
Celts(SiARTROW0FOUTPUT + 7, FIR9OWPUTCOLUMN + ComporimtCounter) = - 
InitialN@LMâ~~(ComponentCounter) 
NeKt Componentcounter 
Celts(STARïR0WOFOUfPUT + 9, FIRSTOUTPUTCOLUMN) = 'Soil Iknsity' 
Ceik(STARfROWOF0üTPüT + f O, RRSTOUTPUTCOLUMN) = 'foc' 
Celk(SlARTROWOF0üTPüT + 1 1, FIRSTOUTPUTCOLUMN) = " Porosity " 
Celk(SïARTROW0FOüTPUT + 12, FIRSTOUTPUTCOLUMN) = "Initial NAPL Volume" 
Celk(STARTROWOF0UTPUT + 1 3, FIRSTOUTPUTCOLUMN) = 'Initial NAPL Density " 
Cells(STARTROW0FOUfPvr + 1 4, FI RSTOUTPUTCOLUMN) = ' Initial Water Volume" 
Celis(STARTROWOF0üïPüT + 16, FIRSTOUTPUTCOLUMN) = ' Number of Timesteps" 
Celk(SlARTROWOF0UTPUf + 17, FIRSTOUTPUTCOLUMN) = "Numbér of Cells' 
I 
Celk(STARTROWOF0UTPUT + 9, FIRSTOUTPUTCOLUMN + 1 ) = SoilDensity 
Celk(STAftTROWOF0UTPUT + 10, FlRSTOUTPUTCOLUMN + 1) = foc 
Cells(STARTROWOF0UTPUT + 1 1, FIRSTOUTPUTCOLUMN + 1) = Porosity 
Cells(STARTROWOF0üTPUT + 1 2, FIRSTOUTPUTCOLUMN + 1) = InitialNAPLVolume 
Celb(STARTROWOF0UTPüT + 13, FIRSTOUTPUTCOLUMN + 1) = InitÎalNAPLDensity 
Celk(~ARTROW0FOUTPüT + 14, FIRSTOUTPUTCOLUMN + 1) = InitiaMlateNolume 
Cells(SfARTROWOF0UTPUT + 16, FlRSTOllTPUTCOLUMN + 1) = Numberofllmésteps 
Cells(STARTROW0FOUTPüT + 17, FIRSTOUTPUTCOLUMN + 1) = NumberoKelk 
l 
'Make the tide column wide enough 
8 
Columns(FIRST0WPUTCOLUMN) Select 
Selection.ColumnWiith = 25 
Cells(1, l).Select 
MultiSteps Numberofiïmesteps, NurnberofCells, NUMBEROFCOMPONEMS, - 
NamesofComponents, Header, MolecularMass, Solubility, Kd, Derisity,  
InitialNAPLMass, InitialWaterVolume, Porosity, SoilDensity 
End Sub 
Listing 0-2. Equilibrium Moduie. 
Sub Equilibn'um(Componen6, MolecularMass, Solubility, Kd, Density, InitialNAPLMass, - 
InitialWaterVolume, Pocosity, SoilDensity, NAPLMass, DissolvedMass, SorbedMass, , 
DissolvedConcentration, WaterVolume) 
I 
Const TOLERANCE = 1 E-30 
Cor i~ t  MGTOCRAMCONVERSION = 1000 
Const TITLEROWS = 3 
Const DEBUGPRINTFLAG = False 
Corn PREC1SlONOFSOLUllON = 0.0000001 
Dim MobrConcentratÎon(1 To 20) As Double 
Dirn MoleFractim(l To 20) As Double 
Dim PreviowDissohredCmcentration(1 To 20) As Double 
Dirn Volume(1 To 20) As Double 
Dim NAPLVolwne As Double 
Dirn TotalMoles As Double 
Dirn SumofMoleFractions As Double 
Dirn DïssolvedDifference As Boolean 
Dirn ChangeinPrecison As Double 
Dirn temp As Double 
Dim CCount As lnteger 
Oim Numberlterations As lnteger ' 
'Start of  first iteration 
'Assume al1 the mas is in the NAPL 
'Cakubte the moiar concentration of each cornpanent in the NAPL based , 
on the initial NAPL M a s  values 
8 
'inÏtialize the iterative variables with stan values 
I 
WaterVolume = InitialWaterVolume 
for CCount = 1 To Components 
NAPLMass(CCount) = fnitialNAPLMass(CCount) 
DïssohredCo~entration(CC0unt) = 1# 
DissolvedMass(CCount) = O# 
SoibedMass(CCount) = W 
&xt CCount 
Cells(TTTLER0WS - 1, 1) = "lteration" 
Cells(TCTLER0WS - 1, 2) = 'Water Volume* 
Cells(TîTLEROWS, 2) = Initial WateNolume 
For CCount = 1 To Components 
Cells(TiTLER0WS - 2, (CCwnt - 1) ' 4 + 3) = "Component" 
Cells(TilLER0WS - 2, (CCwnt - 1) 4 + 4) = CCount 
Cells(TmER0WS - 1, (CCount - 1) ' 4 + 3) = "NAPL Mass" 
Cells(TITLER0WS - 1, (CCount - 1) ' 4 + 4) = "Dissolved Massa 
Cells(TITLER0WS - 1, (CCount - 1) * 4 + 5) = "Sorbed Mass" 
Cells(Ti7LEROWS - 1, (CCount - 1) " 4 + 6) = 'Dissolvecl Concentration" 
Cells(TiTLEROWS, (CCount - 1) ' 4 + 3) = NAPlMass(CCount) 
Next CCount 
End If 
'The uim of the mole fractions should equal 1.0 
'If mole fractions of al1 components equal zero, the mole fract'in will equal zero - 
and no NAPL remains 
I 
' Cakulate the diiohred concentration based on the NAPL mole fractions for as , 
long as the mole fraction is greater chan O 
Numberiterations = 1 
Do 
TotalMoles = O 
For CCount = 1 To Components 
Previo~DissohiedCmcentration(CCount) = DirsohredConcenmtion(CC0unt) 
MolarCmcentration(CComt) = NAPLMass(CCount) 1 MolecularMass(CCount) 
TotalMoles = TotalMoles + MobrConceritration(CCount) 
Next CCount 
SumofMoleFractions = O 
For CCount = 1 To Components 
If TotalMoles > TOLERANCE Then 
MoleFraction(CCount) = MolarConcentration(CC0unt) 1 TotalMoles 
Ebe MoleFraction(CCount) = 0# 
End If 
SurnofMoleFract ions = Sumof MoleFractions + MoleFraction(CCount) 
Next CCwnt 
For CCount = 1 To Components 
MolarCmcentration(CCount) = NAPLMass(CCount) 1 MolecufarMass(CCount) 
O 
'If the mole fraction of a component equals zero, 
'then the total mass of each component can be partititoned 
'exactly into the dissolved phase and SOM phase 
'No more iterations required for th& comporient 
I 
If MoleFraction(CCaunt) < TOLERANCE Then 
temp = WaterVolume 1 (SoilDensity Kd(CCaunt)) 
DisrolvedConcentration(CCount) = (Inià'alNAPLMass(CCount) - 
(temp 1 (1 + temp))) 1 WateNolume 
Else D*ïsolvedConcentration(CCount) = MoleFrMtion(CCount) ' - 
Solubility(CCount) / MCTOGRAMCONVERSION 
End If 
0 
'Calculate dissolved mass based on dissolved concentrations 
DiJsohredMass(CCount) = DissolvedConcentration(CCount) ' WaterVolume 
Lalcubte sorbed mass based on dissolved concentrations and Kd. 
SorbedMass(CCount) = DissokedConcentration(CCount) ' Kd(CCount) ' , 
SoilDensity 
' Calculate NAPL Mass 
t 
'Calculate NAPL Volume for each component 
1 
Volume(CCount) = NAPlMass(CCount) / Density(CCwnt) 
Next CCwnt 
1 
'Calculate total NAPL Volume 
0 
NAPLVolume = O# 
DissolvedDifference = Tnie 
For CCount = 1 To Components 
NAPLVolume = NAPLVolume + Volume(CCount) 
If PreviousDissolvedConcentration(CCount) < TOLERANCE Then 
ChangeinPrecision = Abs(Di6mhredConcentration(CCount)) 
Else 




DissolvedDifference = DissohredDifference And , 
(ChangeinPrecision < PRECISIONOFSOLUTION) 
Next CCaunt 
1 
'Calculate new volume of water based on porosity and new NAPL volume 
1 
WaterVolume = Porosity - NAPLVolume 
I 
'Print Output A m y  on a New Spreadsheet 
0 
If DEBUGPRINTFLAG Then 
Cells(Numbeilterations + TITLEROWS, 1) = Numberlterations 
Cells(Numberi tentions + TITLERO WS, 2) = WaterVolume 
For CCount = 1 To Components 
Cells(Numberlterations + TITLEROWS, (CCwnt - 1) 4 + 3) = - 
NAPLMass(CCount) 
Cells(Numberlterations + TITLEROWS, (CCaunt - 1) * 4 + 4) = - 
DissolvedMass(CCount) 
Cells(Numberîterations + TITLEROWS, (CCount - 1) ' 4 + 5) = - 
SohedMass(CCount) 




Numberlterations = Numberlteraa'ons + 1 
if Numberlterations > 20 Then Exit Sub 
Loop Until DissohredDifference 
Exit Sub 
End Sub 
t i ing 8-3. Muhistep Subroua'ne Module. 
S& MultiSteps(NumberofTïmesteps, NumberofCells, Comi.ionenls, Namesofcomporients,  
Header, MokcubrMass, Solubility, Kd, Density, InitialNAPlMass, InitialWaWolume, - 
Porosity, SoilDensii) 
I 
'Note that tkre should be a minimum to 5 Wer rows 
C-TITLEROWS = 5 
Corist FIRSTCOLUMN = 1 
Corist DEBUGPRIMFLAC = False 
Const OUTPüTPREClSlON = 1OOO 
Cdnst TOTALNUMBERROWS = 15000 
Dirn NAPLMass(1 To 20) As Double 
Dirn DissoMMass(1 TO 20) As Double 
Dirn ~ M a s s ( 1  To 20) As Double 
Dirn DissohfedConmuab;on(l To 20) As Double 
Dirn InpWJAPLMass(1 10 20) As Double 
Dirn RetainedNAPlMass(1 To 20,1 To 100) As Douôk 
Dirn Lastüme€xportedNAPLMws(l To 20,1 To 100) As Dwble 
Dirn ThistimeExportedNAPLMass(1 To 20,1 To 100) As Double 
Dirn Retain&VaEeNolume(l 10 1 OO) As Double 
Dirn InputWateNolume As Doubfe 
Dim WaterVolume As Oouble 
Dirn SumofNAPLMass(1 To 20) As Oouble 
Dirn TotalNAPLinfirstcdl As Double 
Dim NAPLRemainingFracüon As Double 
Dirn InitialNAPLVolurne As Double 
Dim WaWolwneSummary As Double 
Dirn tiimestep & lnteger 
Dim CCount As lnteger 
Dirn CellCountér As lnteger 
Dim R m u m  ber As lnteger 
Dirn PanelCounter lk lnteger 
Dim TotalNumberofColurnns As lnteger 
Dirn TotalNumberofP an& As lnteger 
Dirn Columnûfket As lnteger 
Dirn RwOffset As Integer 
If DEBUGPRINTFLAG Then 
Sheets.Add 
Wth Activesheet 
.Name = "bebug Muhitep" 
End with 
Celk(TmEROWS, 1 ) = 'lime Step " 
Celk(TlïLEROWS, 2) = 'CeIl Number" 
CelkmEROWS, 3) = " Initial Water Volume' 
Cells(ïitlEROWS, 4) = " Water Volume' 
For CCount = 1 To Componerits 
Cells(imER0WS - 1, (CCount - 1) 5 + 5) = "Compocierrt" 
Celk(TITlER0WS - 1, (CCount - 1) ' 5 + 6) = CCoont 
Celk(nnEROWS, (CCount - 1) 5 + 5) = "Initial NAPL Mas" 
Cdls(TiTlEROWS, (CCount - 1) * 5 + 6) = " NAPL Mass " 
Cells(TmEROWS, (CCount - 1) ' 5 + 7) = "Dissohred Mass" 
Ceils~EROWS, (CCount - 1) ' 5 + 8) = " Sorbed Massu 
Cells(ïVlEROWS, (CCwnt - 1) ' 5 + 9) = " Dissolved Concentration " 
Nelct ccount 
End If 
* Cakubte the number of panels 
' Total number of columns in each panel is 3 (timestep number or pore volume,, 
Q, and NAPL remainmg) 
phfsttletotal numbefof comporients 
If N u m b e m f T i i  <= TOTALNUMBERROWS Then - 
TotalNumberofParreis = 1 
If N u m b e r o f f i i  > TOTAiNUMBERROWS Then , 
TotalNumberofPanels = Numberoffîateps \ TOTALNUMBERROWS + 1 
TotalNumberofColumns = 3 + Compcments 
If (TotalNumberofPwids + TotalNumberofColumns) > 2% Then 
Msgüox ('Output sheet will occupy more than 256 columns." & Chr(l3) & - 
'Total Number of Rows Allowed by MuIt'istep Subrouthe is ' & - 
TOTALNUMBERROWS & Chr(13) & , 
"Change the constant TOTALNUMBERROWS in the Multistep subroutine." & Chr(l3) & - 
'Excet may not albw m m  than 16,638 rows in a sheet ') 
Exin Sub 
End If 
Sheets . Add 
Wnh ActiveSheet 
.Name = ' Dissolved Concentrations " 
End wnh 
Cells(TlflER0WS - 4, FIRSTCOLUMN) = " CURRENT TIMESTEP IS " 
Cells(ïiTlER0WS - 4, FIRSTCOLUMN + 4) = "OF " & Numberoffîmesteps 
For PanelCounter = 1 Ta TotalNumberofPanels 
ColumnOffset = (PanelCounter - 1) TotalNumberofColumns 
Cells(TmER0WS - 2, FIRSTCOLUMN + ColumnOffset) = Header 
Cells(TmER0WS - 1, FIRSTCOLUMN + 3 + ColurnnOffset) = - 
" Dissolved Concentrat ions (rngR) " 
Cells(ïIlLEROWS, FIRSTCOLUMN + ColumnOffset) = ' Pore Volumes " 
Cells(TilLEROWS, f IRSTCOLUMN + 1 + ColumnOfbet) = "Qu 
Cells(TmEROWS, FIRSTCOLUMN + 2 + ColumnOfbet) = "NAPL Remaining" 
For CCwnt = 1 To Components 




Wth R~M(TITLEROWS - 2) 
.ht.Size = 14 
End With 
With Rows(TCfLER0WS) 
.Font.Bold = True 
End wnh 
For CeIlCounter = 1 Ta NumberofCells 
For CCount = 1 To Components 
RetainedNAPLMass(CCount CeIlCounter) = InitialNAPLMass(CCount) 
LasttimeExportedNAPLMass(CC0unt CeIlCounter) = CM 
Thisb'mEKportedNAPLMas~(CCount CeIlCounter) = O# 
Nsct CCount 
RetainedWaWolume(Cd1Caunm) = InitiaMlaterVolume 
Next CeIlCounter 
For CCount = 1 To Components 
SumofNAPLMass(CCount) = O# 
Next CCount 
For CeilCounter = 1 To NumberoKdls 
For CCount = 1 To Components 
If CeIlCounter > 1 And Thestep > 1 Then 
InputNAPLMas(CCaunt) = RetainedNAPLMa~s(CCount CellCounter) + - 
LamirneEicportedNAPLMass(CComt, CeIlCounter - 1) 
Else 
InputNAPLMas(CCount) = RetainedNAPLMass(CCwnt, CellCounter) 
End If 
Next CCount 
InputWateNolume = RetainedWaterVolume(CellC0unter) 
Equilibrium Components, MolecularMass, Solubility, Kd, Density, InputNAPLMass,  
Input\lllaterVolume, Porosity, SoilDensity, NAPLMass, DissohredMass, SorbedMass,  
DïssoivedConceritratiorr, WaterVolume 
For CCount = 1 To Components 
RetainedNAPLMass(CCourit CellCounter) = NAPLMass(CCount) + - 
SorbedMass(CC0unt) 
ThistimEKportedNAPLMass(CCount, CeIlCounter) = DissolvedMass(CCoun0 
SumofNAPLMass(CCount) = SumofNAPLMass(CCount) + NAPLMass(CCwnt) 
lf Tïmestep = 1 And CeilCounter = 1 Then 
TotalNAPLinfirstcell = TotalNAPLinfirstcell + NAPLMass(CCaunt) 
InitialNAPLVolume = Porosity - WateNolume 
End If 
Next CCount 
RetainedWa terVolume(CdIC~nter) = Wa Wolume 
If DEBUGPRINTFLAG Then 
Workshels(" Debug Muitistep').Activate 
Rownumber = (ïiiestep - 1) NumberoKells + CeIlCuunter + ïfTlEROWS 
Celb(Rawnu~, 1 ) = fimestep 
Celk(Rownumber, 2) = CeIlCounter 
Celk(Rmmber, 3) = InputWateNolume 
Ceils(Rownumber, 4) = WateNolume 
For CCount = 1 To Components 
Celb(Rownumber, (CCount - 1) 5 + 5) = InputNAPLMass(CCount) 
Cells(Rownumber, (CCount - 1) ' 5 + 6) = NAPLMass(CCount) 
Celb(Rownumber, (CCount - 1) + 5 + 7) = DissohredMass(CCount) 
Cells(Rownurnber, (CCount - 1) ' 5 + 8) = SoMMass(CCount) 
Cells(Rownumber, (CCount - 1) + 5 + 9) = OissohredConcentrati~n(CCount) 
Next CCount 
End If 
For CellCounter = 1 10 NumberoKel k 
For CCount = 1 10 C o m ~ t s  
lasttinieExportedNAPLMass(CCount CeIlCounter) = , 
ThistimeEKportedNAPLMass(CCount CeIlCounter) 
N m  CCmt 
Next CeIlCounter 
For CCount = 1 To Compoiients 
NAPLRemainingFractbn = NAPLRemainingFraction + SumofNAPLMass(CCount) 
Next ccount 
NAPLRemaining Fract ion = NAPLRemaining Fraction 1 (TotalNAPLinfirstcelI ' - 
NumbemKelb) 
Worksheets('Dissohred Concentrations").Actiwate 
Celk(iiTLER0WS - 4, FIRSTCOLUMN + 3) = fimestep 
PanelCounter = fimestep - 1) \ TOTALNUMBERROWS + 1 
Rowûffset = Enestep - (PanelCounter - 1) ' TOTALNUMBERROWS 
ColumnOffset = (PanelCounter - 1) TotalNumberofColumns 
CelkmEROWS + RowOffiet FIRSTCOLUMN + ColumnOffset) = - 
Timestep - 1 
Cells(TmER0WS + RowOffset FIRSTCOLUMN + 1 + ColumnOffset) = - 
WateNolumeSummary 1 (InitialNAPLVolume ' NumberofCells) 
Celk(TiTLER0WS + Rowûffset, FIRSTCOLUMN + 2 + ColumnOffset) = - 
NAPLRemainingFractiori 
For CCount = 1 To Cmponents 
Cells(TITLER0WS + RowOffset, FIRSTCOLUMN + CCount + 2 + ColumnOffset) = - 
DismlvedConc~ation(CCount) 'OUTPUTPRECISION 
Next CCount 
Next Timestep 
End Sub 
